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Abstract: We report on the synthesis and evaluation of biopolymeric spheres of poly(lactide-co-glycolide)
containing different amounts of magnetite nanoparticles and Ibuprofen (PLGA-Fe3O4-IBUP), but also
chitosan (PLGA-CS-Fe3O4-IBUP), to be considered as drug delivery systems. Besides morphological,
structural, and compositional characterizations, the PLGA-Fe3O4-IBUP composite microspheres
were subjected to drug release studies, performed both under biomimetically-simulated dynamic
conditions and under external radiofrequency magnetic fields. The experimental data resulted
by performing the drug release studies evidenced that PLGA-Fe3O4-IBUP microspheres with
the lowest contents of Fe3O4 nanoparticles are optimal candidates for triggered drug release
under external stimulation related to hyperthermia effect. The as-selected microspheres and their
chitosan-containing counterparts were biologically assessed on macrophage cultures, being evaluated
as biocompatible and bioactive materials that are able to promote cellular adhesion and proliferation.
The composite biopolymeric spheres resulted in inhibited microbial growth and biofilm formation,
as assessed against Staphylococcus aureus, Pseudomonas aeruginosa, and Candida albicans microbial
strains. Significantly improved antimicrobial effects were reported in the case of chitosan-containing
biomaterials, regardless of the microorganisms’ type. The nanostructured composite biopolymeric
spheres evidenced proper characteristics as prolonged and controlled drug release platforms for
multipurpose biomedical applications.

Keywords: magnetic nanoparticles; biopolymeric spheres; hyperthermia; antimicrobial materials;
multifunctional materials

1. Introduction

The personalized therapy desideratum aims for an accurate and controllable local distribution
of therapeutic agents, and to ensure the specific and selective targeting of the molecular or cellular
receptors [1,2]. Besides some general requirements (such as biocompatibility, biodegradability, and
non-immunogenicity) [3–5], unconventional pharmaceutical formulations must also fulfil several
specific requirements, including bioavailability and bioactivity, accurate pharmacological profiles,
maximal therapeutic effects, and minimal or absent side effects [6–8].

Nanoparticle-based drug formulations have proved their potential to deal with challenging
diseases. A simple search in the main research publication data bases revealed an impressive number of
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studies performed on nanoparticles designed for drug delivery applications in 2018 (5563 in Pubmed [9],
29,789 in Scopus [10], and 9165 in ScienceDirect [11]; entries searched in July 2019). Nanoparticles have
revolutionized how drugs are formulated, delivered, and explored for specific and selective therapies,
and they are currently utilized in diagnosis, cancer therapy, HIV and AIDS therapy, nutraceutical
delivery, anti-bacterial systems, etc. [12–14].

Polymer particles or capsules are proper choices for modern pharmacotherapy, thanks to their
intrinsic physicochemical versatility and tunable functionality, which enable higher loading and
encapsulation efficiency of various therapeutics (such as phytochemical and drug molecules, proteins,
growth factors, genes, and cells) and controllable or/and triggerable release mechanisms [15,16].

In particular, micro-/nanoparticles based on poly(lactic-co-glycolic) acid (PLGA) own a leading
position in the design and implementation of nanotechnology-derived pharmacological formulations.
By adjusting the molecular weight of lactide and glycolide constituents and their ratio, as well as the size,
morphology, and microstructure of resulted copolymer, intrinsic features of PLGA-based biomaterials
(e.g., solubility, biodegradability, metabolization, drug release profile, delivery efficiency) could be
tuned for performant pharmaceutics [17,18]. Among PLGA copolymers, the 50:50 representative
has been extensively investigated for bioactive formulations, owing to its beneficial features such as
water-uptake rate, degradation kinetics, and morphological modifications [19,20].

The successful experimental use of unconventional pharmaceutical formulations based on this
particular PLGA copolymer was reported in modern strategies for diabetes-related conditions [21,22],
HIV management [23,24], vaccine therapy [25], therapeutic angiogenesis [26,27], and tissue
engineering [28–30]. Relevant examples of PLGA-based anti-infective strategies include treatment
of streptococcal infections [31], ocular infection management [32], treatment of vaginal infection [33],
and systemic antibiotherapy [34]. Also, remarkable results were reported in designing novel and
superior platforms for cancer treatment, including anti-angiogenic therapy [35], selective and targeted
chemotherapy [36,37], and externally triggered chemotherapy [38–40].

Among nanomaterials, magnetite particles (Fe3O4) have gained remarkable attention for
novel therapeutic alternatives, thanks to their facile and large yield synthesis and peculiar
nanosize-related characteristics, including versatile physicochemical properties, functionalization
potential, and tunable biocompatibility [41,42]. Moreover, Fe3O4 with core dimensions of
10–20 nm have superparamagnetic behavior. Magnetically-responsive biomaterials embedded
with Fe3O4 nanoparticles have been assessed as multifunctional systems for specific, selective,
and performance-enhanced anti-infective [43,44] and anti-cancer applications [45,46], as well as for
regenerative medicine [47,48]. In particular, Fe3O4-based nanostructured systems are promising
platforms for successful controlled and targeted drug delivery applications by means of magnetic
hyperthermia [41,49,50].

The incorporation of magnetic nanoparticles into biopolymeric microspheres represents an
attractive strategy for modern pharmacotherapy, since the additional functionality relies on guiding
nanostructured spheres with an external magnetic field gradient and triggering the release of bioactive
compounds [51,52]. The applications of magnetic nanoparticle–embedded microspheres include
detection and diagnosis by magnetic resonance imaging, and local pharmacological effect by subjecting
the nanostructured microspheres to magnetic hyperthermia [53–55]. Following the exposure of
such nanostructured platforms to external high amplitude alternating magnetic field, targeted and
controlled drug delivery may be achieved. This synergistic therapeutic effect is attained by the local
thermally-induced pathophysiological alteration of organic macromolecules (which occurs due to
important relaxations of both magnetic moments and particles within particles’ crystalline structure
and surrounding medium, respectively) and the enhanced drug release kinetics (which occurs due
to the heat-induced release of bioactive molecules and denaturation or degradation of biopolymeric
matrix) [56–58].

Chitosan (CS) is an attractive candidate for modern pharmaceutical formulations, thanks to its
peculiar ability to improve the stability and solubility of bioactive molecules and to its intrinsic
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mucoadhesive, antioxidant, analgesic, haemostatic, non-immunogenic, antimicrobial [59], and
antitumor effects [60–62]. The proposed mechanisms for intrinsic anti-pathogenic effects exhibited by
CS-based biomaterials include electrostatic interactions between cationic CS and negatively-charged
surface of pathogenic cells [63,64], interactions with microbial nucleic acids [65,66], and chelation of
microbial structures and essential nutrients containing metallic ions [67,68]. Moreover, along with its
great intrinsic antimicrobial properties, CS is known as an active agent to improve the efficiency of
antibiotics [69,70], and recent pharmaceutical formulations rely on the use of this biopolymer in the
fight of resistant microorganisms [71].

Ibuprofen (iso-butyl-phenyl-propionic acid) (IBUP) is a non-steroidal anti-inflammatory drug
(NSAID), introduced as an alternative to conventional Aspirin treatment. The pharmacological
activity of IBUP (analgesic, anti-inflammatory, and antipyretic effects) is related to the inhibition of
cyclooxygenase COX2 enzyme, which is further related to the synthesis of prostaglandins (vasodilating
lipid compounds that inhibit platelet aggregation) and thromboxane A (vasoconstrictive lipid molecule
that stimulate platelet aggregation) [72,73]. Since the expression of COX2 was reported during
tumorigenesis, the specific inhibition of this enzyme can be explored for selective destruction of cancer
cells [74,75]. Also, the antimicrobial activity of IBUP was demonstrated both in vitro and in vivo (in
a mouse animal model), and the clinical administration of this anti-inflammatory drug seemed to
improve the outcome of severe respiratory infections, such as cystic fibrosis. Moreover, this drug has
been proven to be highly efficient against relevant opportunistic Gram-negative bacteria recognized as
multidrug resistant species, such as P. aeruginosa and Burkholderia sp. [76].

In this study, we developed multifunctional composite microspheres for drug delivery
applications. Given the selected drug molecule and the addition of nanomagnetite, PLGA-Fe3O4-IBUP
nanostructured spheres represent potential candidates for local drug delivery applications, being
useful tools for anti-inflammatory or anti-cancer approaches. Moreover, PLGA-CS-Fe3O4-IBUP spheres
(obtained by the addition of CS) extend the potential use of our nanostructured biopolymeric carriers
towards modern anti-infective therapy.

2. Materials and Methods

2.1. Materials

All chemicals required for the synthesis of nanostructured composites were purchased from
Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany), namely anhydrous ferric chloride (FeCl3,
>99.99% trace metal basis), ferrous sulphate heptahydrate (FeSO4·7H2O, >98%), Ibuprofen (United
States Pharmacopeia testing specifications, small molecule), chitosan (non-animal derived, low
molecular weight, high purity) and poly(D,L-lactide-co-glycolide) copolymer (PLGA) with 50:50
lactide-to-glycolide molar ratio. Ammonium hydroxide solution (25% NH3 in H2O), chloroform
(CHCl3), analytical graded acetone (C6H6O), and ethanol (C2H6O), as well as all reagents required for
the obtaining of simulated body fluid (SBF), such as NaCl, NaHCO3, KCl, K2HPO4·3H2O, MgCl2·6H2O,
HCl, CaCl2, Na2SO4, and (CH2OH)3CNH2, were also purchased from Sigma-Aldrich.

Sigma-Aldrich also provided most reagents used during biological and microbiological
assays, including phorbol 12-myristate 13-acetate (PMA), paraformaldehyde (PFA), bovine serum
albumin (BSA), and Triton X-100. RPMI 1640 cell culture medium, fetal bovine serum (FBS), and
streptomycin/penicillin antibiotic mixture were purchased from Gibco (Thermo Fisher Scientific,
Waltham, MA, USA). MTS assay was acquired from Promega Company (Madison, WI, USA), while
red-labeled Alexa Flour—488 Phalloidin and blue-fluorescent DAPI stain were purchased from
Invitrogen (Thermo Fisher Scientific, Carlsbad, CA, USA).
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2.2. Synthesis Methods

2.2.1. Synthesis of Fe3O4 Nanoparticles

For the synthesis of Fe3O4 nanoparticles, we applied the wet chemical co-precipitation method.
According to our optimized and previously described protocol [77,78], spherical-shaped and nanosized
Fe3O4 particles could be thus obtained.

2.2.2. Synthesis of Fe3O4-Embedded Biopolymeric Spheres

The synthesis of biopolymeric spheres embedded with Fe3O4 nanoparticles and loaded with
IBUP, PLGA-Fe3O4-IBUP, was made by the microemulsion technique [79,80]. Mixtures consisting of
PLGA:IBUP (with 10:1 mass ratio) and different amounts of magnetite nanopowder (10, 20, and 50 mg)
were dispersed in CHCl3, followed by the addition of a 2% (w/v) polyvinyl alcohol (PVA) solution.
The as-obtained composite mixtures were subjected to the sonication process for 6 min, which was
performed in ON/OFF steps of 6/3 s at a temperature of 37 ◦C by using a SONIC-1200WT sonicator (MRC
Scientific Instruments, Harlow, Essex, UK). The resulted emulsions were added to deionized water
and continuously stirred until complete solvent evaporation. The final emulsions were subjected to a
triple centrifuge washing treatment and collected synthesis products were subsequently lyophilized.

Depending on the amount of Fe3O4 added during the synthesis, PLGA-Fe3O4-IBUP biopolymeric
spheres were denoted IBUP10, IBUP20, and IBUP50, corresponding to PLGA:Fe3O4:IBUP mass ratios
of 10:0.5:1, 10:1:1, and 10:2.5:1, respectively.

The same microemulsion protocol was used to obtain drug-free nanostructured microspheres
(PLGA-Fe3O4, denoted as S) and drug-loaded nanostructured composite microspheres of PLGA and
CS (PLGA-CS-Fe3O4-IBUP systems were obtained by adding 1 wt% of CS solution), which were
considered during biological and microbiological assays.

2.3. Physicochemical Investigation

2.3.1. Transmission Electron Microscopy (TEM)

The TEM data were collected by using the TecnaiTM G2 F30 S-TWIN high resolution transmission
electron microscope from FEI Company (Hillsboro, OR, USA). The specific point and line resolutions
of the microscope are 2 and 1 Å, respectively. Before TEM investigation, a small amount of the Fe3O4

sample was dispersed in ethanol, sonicated for 15 min, placed onto the carbon-coated cooper grid, and
dried at room temperature.

2.3.2. Scanning Electron Microscopy (SEM)

SEM analysis revealed morphological features of nanostructured biopolymeric spheres, both after
synthesis and after dynamic drug release studies. The samples were investigated by an Inspect S
scanning electron microscope (FEI Company, Eindhoven, The Netherlands) at an acceleration voltage
of 20 kV. Prior to SEM analysis, all samples were capped with a thin gold layer in order to diminish the
accumulation of electric charges on their surface.

2.3.3. Fourier-Transform Infrared Spectroscopy (FT-IR)

FT-IR analysis was performed to investigate the stoichiometry and chemical function integrity of
the biopolymeric spheres, both after synthesis and after dynamic drug release studies. In this respect, a
FTIR 8400s spectrophotometer (Shimadzu Europa GmbH, Duisburg, Germany) was used. The spectral
collection was recorded in transmission mode in the range of 5000–500 cm−1, at 4 cm−1 resolution, with
40 individual scans being acquired for each sample.
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2.3.4. Ultraviolet-Visible Spectrophotometry (UV-Vis)

In order to evaluate the release profiles of IBUP, both after dynamic and external activated drug
release studies, UV-Vis analysis was performed by an Evolution 220 spectrophotometer (Thermo
Fisher Scientific, Darmstadt, Germany). The absorption spectra of supernatants resulted after drug
release studies were recorded in the range of 200–400 nm. For qualitative analysis, we monitored
the absorption bands at 265 and 274 nm, which are characteristic for IBUP molecules in the UV-Vis
region [81,82].

2.4. Drug Release Study

2.4.1. Drug Release under Dynamic Conditions

In order to evaluate the behavior of PLGA-Fe3O4-IBUP systems under dynamic biological
simulated conditions, a multichannel bioreactor connected to a peristaltic pump was used. For these
drug release experiments, simulated body fluid (SBF, pH = 7.4) was prepared after Kokubo’s recipe
and was selected as the active testing medium thanks to the ion concentrations, which are similar to
the human blood plasma [83,84].

By using the same amount of lyophilized powders, suspensions of PLGA-Fe3O4-IBUP spheres
in SBF were obtained. A volume of 4 mL from PLGA-Fe3O4-IBUP suspensions was introduced into
each bioreactor channel, followed by their testing in dynamic mode, with 1 mL/min flow rate. After
dynamic testing periods (7, 14, and 21 days), solutions from each channel were collected. A small
volume of each resulted solution was dropped onto silicon substrates for subsequent FT-IR analysis
and SEM investigation. The remaining collected solutions were centrifuged for 20 min at 6000 rpm
(MRC Scientific Instruments) and the as-obtained supernatants were analyzed by UV-Vis.

2.4.2. Drug Release under External Activation

The potential use of PLGA-Fe3O4-IBUP nanostructured spheres in hyperthermia applications
was assessed by using a heating system model Ultra Heat S Series (RF) with 2 kW maximum output
power from UltraFlex Power Technologies (Sofia, Bulgaria) (Figure 1). The customized experimental
setup used during our experiments corresponds to literature descriptions [85], and implies the sample
subjection to a radiofrequency magnetic field and monitoring the thermal response. The liquid sample
was introduced into a Dewar vial, which was further placed inside the water-cooled copper solenoid
(a 925 nH inductance coil).

Materials 2019, 12, x FOR PEER REVIEW 5 of 25 

 

Fisher Scientific, Darmstadt, Germany). The absorption spectra of supernatants resulted after drug 

release studies were recorded in the range of 200–400 nm. For qualitative analysis, we monitored the 

absorption bands at 265 and 274 nm, which are characteristic for IBUP molecules in the UV-Vis 

region [81,82]. 

2.4. Drug Release Study 

2.4.1. Drug Release under Dynamic Conditions 

In order to evaluate the behavior of PLGA-Fe3O4-IBUP systems under dynamic biological 

simulated conditions, a multichannel bioreactor connected to a peristaltic pump was used. For these 

drug release experiments, simulated body fluid (SBF, pH = 7.4) was prepared after Kokubo’s recipe 

and was selected as the active testing medium thanks to the ion concentrations, which are similar to 

the human blood plasma [83,84]. 

By using the same amount of lyophilized powders, suspensions of PLGA-Fe3O4-IBUP spheres 

in SBF were obtained. A volume of 4 mL from PLGA-Fe3O4-IBUP suspensions was introduced into 

each bioreactor channel, followed by their testing in dynamic mode, with 1 mL/min flow rate. After 

dynamic testing periods (7, 14, and 21 days), solutions from each channel were collected. A small 

volume of each resulted solution was dropped onto silicon substrates for subsequent FT-IR analysis 

and SEM investigation. The remaining collected solutions were centrifuged for 20 min at 6000 rpm 

(MRC Scientific Instruments) and the as-obtained supernatants were analyzed by UV-Vis. 

2.4.2. Drug Release under External Activation 

The potential use of PLGA-Fe3O4-IBUP nanostructured spheres in hyperthermia applications 

was assessed by using a heating system model Ultra Heat S Series (RF) with 2 kW maximum output 

power from UltraFlex Power Technologies (Sofia, Bulgaria) (Figure 1). The customized experimental 

setup used during our experiments corresponds to literature descriptions [85], and implies the 

sample subjection to a radiofrequency magnetic field and monitoring the thermal response. The 

liquid sample was introduced into a Dewar vial, which was further placed inside the water-cooled 

copper solenoid (a 925 nH inductance coil). 

 

Figure 1. Schematic representation of the experimental setup used during hyperthermia tests. 

The PLGA-Fe3O4-IBUP solutions, obtained by dispersing ~14 mg of lyophilized microspheres in 

deionized water, were introduced into the Dewar vial and subjected to three magnetic fields, with 

powers representing 60%, 80%, and 100% from the maximum output power. The temperature 

evolution of each sample was recorded up to 50 °C (slightly above the 42–45 °C temperature range 

associated with the occurrence of apoptosis and necrosis of cancer cells) [49,86,87] by using an 

optical fiber supplied with a TS4 sensor (precision ± 0.2 °C) from Optocon (Dresden, Germany) 

connected to a PC. In all experiments, deionized water was used as blank specimen. 

Figure 1. Schematic representation of the experimental setup used during hyperthermia tests.

The PLGA-Fe3O4-IBUP solutions, obtained by dispersing ~14 mg of lyophilized microspheres in
deionized water, were introduced into the Dewar vial and subjected to three magnetic fields, with
powers representing 60%, 80%, and 100% from the maximum output power. The temperature evolution
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of each sample was recorded up to 50 ◦C (slightly above the 42–45 ◦C temperature range associated with
the occurrence of apoptosis and necrosis of cancer cells) [49,86,87] by using an optical fiber supplied
with a TS4 sensor (precision ± 0.2 ◦C) from Optocon (Dresden, Germany) connected to a PC. In all
experiments, deionized water was used as blank specimen.

The information regarding the notation and composition of PLGA-Fe3O4-IBUP systems and their
corresponding testing parameters under external magnetic fields are included in Table 1.

Table 1. Sample abbreviations and parameters used in hyperthermia experiments.

Sample
Code

PLGA:Fe3O4:IBUP
(Mass Ratio)

Applied Power (P%
of 2 kW)

Effective
Power (W)

Current
Intensity (A)

Current
Voltage (V)

Frequency
(kHz)

IBUP10 10:0.5:1 60 708 9.2 76.95 325.5
IBUP20 10:1:1 80 1088 9.2 109.9 325.5
IBUP50 10:2.5:1 100 1360 9.2 137.37 322

2.5. Biological Evaluation

Following the performed drug release studies, we identified the most promising PLGA-Fe3O4-IBUP
systems for biological assays. For comparison, we also considered drug-free PLGA-Fe3O4

spheres (further denoted as S) and drug-loaded composite microspheres of PLGA and CS
(PLGA-CS-Fe3O4-IBUP). For biological assays, nanostructured biopolymeric spheres were transferred
as coatings onto titanium substrates (12 mm diameter and 0.1 mm thickness) by using the immersion
(dip-coating) method [88,89]. Before using, all samples were sterilized by immersion in 1%
streptomycin/penicillin solution for 15 min.

2.5.1. Cell Cultures

Human THP-1 cells (ATCC® TIB-202™) were maintained in RPMI 1640 medium with 10% (v/v)
inactivated fetal bovine serum (FBS) and 1% (v/v) streptomycin/penicillin at 37 ◦C in a humidified
atmosphere of 5% CO2. For in vitro biological assessment, THP-1 cells were cultured onto material
surfaces at a density of 4 × 105 cells/surface material in 24-well plates (Nunc). Macrophages were
generated from monocytic THP-1 cells by incubation for 72 h with 100 ng/mL of phorbol 12-myristate
13-acetate (PMA).

2.5.2. Cell Viability

The proliferation of THP-1 cells cultured on the material surface was evaluated by the MTS
assay (CellTiter 96® AQueous One Solution Cell Proliferation Assay), which is based on the
reduction of a tetrazolium compound, (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium), to insoluble formazan crystals by a dehydrogenase present in the
metabolically active cells. The amount of formazan released into the culture medium is proportional to
the number of live cells. Macrophage-differentiated THP-1 cells were incubated with MTS solution at
37 ◦C. After 15 min, 100 µL of supernatant was transferred to a 96-well plate and the optical density
was measured at 450 nm using a Mithras Berthold LB940 microplate reader (Berthold Technologies,
Bad Wildbad, Germany).

2.5.3. Cell Adhesion and Morphology

The effect of composite nanostructured materials on macrophage morphology and adhesion was
investigated by fluorescence microscopy, following the distribution of actin filaments. Macrophages
attached to surfaces (3 days after differentiation) were fixed for 15 min with 4% PFA, permeabilized
with 0.2% Triton X-100, blocked for 1 h with 0.5% BSA-PBS mixture, and then washed with
PBS. Actin filaments were stained with red-labeled Alexa Fluor 488 Phalloidin for 1 h at room
temperature in 0.5% BSA-PBS solution. The nuclei were counterstained with blue-fluorescent DAPI
(4′,6′-diamidino-2-phenylindole dihydrochloride) for 1 min at room temperature. After repeated
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washing with PBS, samples were mounted on microscope slides with ProLong Gold antifade (Molecular
Probes, Eugene, OR, USA; Life Technologies, Carlsbad, CA, USA), an agent that allows the fluorescence
signal to be maintained over a prolonged period. The as-treated samples were examined using the 20×
and 40× lenses of the Zeiss Axiocam ERc5s Apotom microscope with ApoTome.2 cursor mode and
AxioVision4.8 software (Zeiss, Oberkochen, Germany).

2.6. Microbiological Evaluation

In order to evaluate the antimicrobial effects exhibited by nanostructured biopolymeric spheres,
we only considered the most promising PLGA-Fe3O4-IBUP systems and their CS-containing
corresponding counterparts, namely PLGA-CS-Fe3O4-IBUP. Similar to the biological protocol, coatings
of nanostructured biopolymeric spheres were obtained onto titanium substrates. Prior to microbiological
assays, samples were sterilized following 30 min of UV exposure.

2.6.1. Microbial Strains and Growth Conditions

Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa ATCC 27853, and Candida albicans
ATCC 10231 strains were purchased from American Type Culture Collection (ATCC, Manassas, VA,
USA). Glycerol stocks were streaked on LB agar (bacteria) and Sabouraud agar (C. albicans) to obtain
24 h cultures to be used for all further studies.

2.6.2. Development of the Planktonic Cultures

Sterile dip-coated and reference Ti substrates were added in sterile 6-well plates in 2 mL of LB
broth (for bacteria) or Yeast Peptone Glucose (YPG) broth (for yeast) and inoculated with ~106 CFU
(colony forming units)/mL of microbial suspensions. The samples were allowed to grow at 37 ◦C for
24 h. After this step, 200 µL of resulting cultures were transferred in 96-well plates in order to read the
absorbance of the obtained cultures using a bench spectrophotometer.

2.6.3. Biofilm Development

Monospecific biofilm development was assessed at different exposure times, using sterile 6-well
plates (Nunc). Sterile modified and bare Ti samples were added in plates with 2 mL of LB of YPG
broths (for bacteria and yeast, respectively) and inoculated with ~106 CFU/mL of microbial suspensions.
The samples were allowed to incubate at 37 ◦C for three time points (24 h, 48 h, and 72 h) to assess the
time dynamic of developed biofilms. After incubation, Ti discs were carefully washed with sterile
saline buffer to remove any unattached microbial cells and then immersed in 1 mL sterile saline buffer in
Eppendorf tubes to precede biofilm detachment by vigorous vortexing. The resulting biofilm-detached
cell suspensions were further diluted and 10 µL of each serial dilution were plated in triplicate on
LB agar.

After 24 h of incubation at 37 ◦C, viable count was performed and the CFU/mL values for each
sample were obtained.

3. Results and Discussion

3.1. PLGA-Fe3O4-IBUP Biopolymeric Spheres

As it can be noticed in the TEM micrograph (Figure 2a), the modified co-precipitation synthesis
method enabled the formation of nanosized magnetite particles (mean particle size below 10 nm), with
preferential spheroidal shape.

The microstructure of the PLGA-Fe3O4-IBUP composite systems obtained by microemulsion
protocol by the addition of 10, 20, and 50 mg of magnetite nanopowder (corresponding to IBUP10,
IBUP20, and IBUP50 samples, respectively) was investigated by SEM. The collected micrographs are
included in Figure 2.
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Figure 2. TEM image of (a) Fe3O4 particles, and SEM images of (b) IBUP10, (c) IBUP20, and (d) IBUP50
biopolymeric spheres.

According to SEM micrographs, the microemulsion method resulted in the synthesis of
well-defined and individual composite systems with exclusive spherical morphology; the presence of
unembedded magnetite nanoparticles is not evidenced at this level. All PLGA-Fe3O4-IBUP spheres
possess sub-micron or micron sizes with comparable dimensions (ranging between ~600 nm and ~2µm),
regardless the amount of Fe3O4 used during the synthesis process. However, relevant microstructural
aspects could be noticed depending on to the presence of different amounts of Fe3O4. In the case of
IBUP10 and IBUP20 samples (Figure 2a,b, respectively), one can notice a prevalent smooth surface and
a narrower dimensional distribution of microspheres. One can assume that by using smaller amounts of
nanomagnetite, a reduced nanosize-related aggregation tendency could result in complete and uniform
embedding of magnetic nanoparticles within polymeric matrices. By contrast, IBUP50 microspheres
(Figure 2c) possess a rather textured surface and have more heterogenic dimensions. In this case, which
corresponds to the use of a larger amount of Fe3O4 powder, a predominant agglomeration tendency
could determine the increased amounts of nanoparticle aggregates, which could not have sufficient
polymer matrix for uniform embedding.

3.2. Drug Release Study under Dynamic Conditions

In order to evidence the physicochemical modifications occurred within PLGA-Fe3O4-IBUP
spheres assessed under biological simulated dynamic conditions for 7, 14, and 21 days, drop casted
samples were investigated.

For what concerns the stoichiometry and compositional evolution of the PLGA-Fe3O4-IBUP
nanostructured microspheres, the IR spectra corresponding to samples collected after dynamic tests
were compared to IR spectra of initial samples, the results being presented in Figure 3.
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As mentioned above, the PLGA-Fe3O4-IBUP drop cast specimens were obtained by using reduced
volumes from collected solutions. Therefore, the recorded IR data evidence noisy spectra, as a direct
consequence of the reduced thickness of composite films. However, relevant qualitative information
regarding the behavior of PLGA-IBUP-Fe3O4 spheres during dynamic tests can be obtained from FT-IR
results (Figure 3).

In the case of IBUP10 systems (Figure 3a), one can observe the presence of a strong absorption
maxima at the wavenumber value of ~1750 cm−1, which is resulted from the overlapping stretching
vibrations of the carbonyl group present in the aldehyde and ketone groups of PLGA [90,91] and
in the carboxylic acid of IBUP [92,93]. At a closer look, a bidentate aspect of those maxima is
noticed, which confirms the dual source of C=O vibrations. The double-humped maxima identified
at ~1450 cm−1 corresponds to asymmetric –CH3 and symmetric –CH2 stretching within lactic and
glycolic units, respectively. Also, at the wavenumber value of ~1390 cm−1, one can identify the
absorption maxima attributed to both weak stretching vibrations of –OH (from IBUP’s carboxylic
groups) and medium-strong wagging vibrations of –CH2 groups (corresponding to PLGA copolymer).
Furthermore, IR bands identified at ~1320 cm−1 mark the presence of C–O asymmetric stretching and
C–H bending vibrations within the copolymer, while IR maxima from ~1130 cm−1 can be attributed
to the symmetrical and asymmetrical stretching vibrations of C–O–C functional groups of glycolic
and lactic units [94,95]. In the case of IBUP20 and IBUP50 spheres (Figure 3b,c, respectively), the IR
maxima corresponding to the carbonyl functions are shifted towards higher wavenumbers. Moreover,
all previously identified IR bands are present in IBUP20 and IBUP50 samples, but with corresponding
blueshifted values. Such effects can be related to the decrease of bond lengths, which might have
resulted from the increased contribution of electrostatically-bonded nanomagnetite.

The IR spectra of initial microspheres indicate the successful embedding of Fe3O4 nanoparticles
and IBUP molecules within the copolymer matrix, and confirm the synthesis of PLGA-Fe3O4-IBUP
nanostructured biopolymeric spheres. The main IR maxima were preserved within dynamically
evaluated microspheres. Since the IR spectra evidence only quantitative changes (namely, increased or
decreased absorbance intensity), we can state that PLGA-Fe3O4-IBUP microspheres possess moderate
hydrolytic degradation following their dynamic evaluation in SBF.

For complementary data regarding the effects of dynamic evaluation on PLGA-Fe3O4-IBUP
spheres, drop casted samples were structurally investigated and the corresponding SEM micrographs
are included in Figure 4.

As it can be observed from Figure 4, the evaluation of PLGA-Fe3O4-IBUP microspheres under
biologically simulated dynamic conditions led to the presence of interparticle connections, regardless
the amount of nanomagnetite used during synthesis. In all samples, the morphological deformation of
composite microspheres and the formation of irregular shaped structures are noticed, the effects being
more prominent with the increase of the testing time. Interestingly, in the case of IBUP20 and IBUP50,
morphological modifications are more pronounced. Such phenomena may be related to the increased
amount of Fe3O4 nanoparticles, which might have contributed, with hydroxyl-guided interactions [96],
to the hydrolysis of PLGA matrix. In the case of IBUP10, SEM images reveal a progressive increase
of interparticle junctions with the increasing testing time, but morphological changes occurred after
21 days of dynamic evaluation are less qualitative. In comparison to IBUP20 and IBUP50, IBUP10
biopolymeric spheres maintain a sphere-like shape after the considered prolonged testing interval.
Such behavior may be related to the reduced amount of nanomagnetite, as well as to the less significant
hydrolytic degradation of PLGA matrix (as evidenced in FT-IR studies).
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Figure 4. SEM images of IBUP10, IBUP20, and IBUP50 biopolymeric spheres after dynamic tests.

At this point, it should be noted that IBUP10 (PLGA-Fe3O4-IBUP microspheres with the lowest
content of Fe3O4 nanoparticles) do not exhibit dramatic morphological modifications after their
prolonged evaluation under dynamic conditions.

The UV-Vis spectrophotometric results corresponding to PLGA-Fe3O4-IBUP supernatants resulted
after dynamic testing are shown in Figure 5.

The qualitative interpretation of UV-Vis results was made by considering the specific IBUP
absorbance maxima at 265 and 274 nm (cyan and green arrow, respectively). As shown, the presence of
IBUP absorption maxima can be slightly noticed as a wide humped region, regardless the amount of
embedded Fe3O4 nanoparticles. By these results, one can assume that an insignificant release of IBUP
from composite microsystems occurred for up to three weeks.

The evaluation of PLGA-Fe3O4-IBUP microspheres assessed under biomimetic and dynamic
conditions evidenced no dramatic alterations for up to three weeks, with a particular emphasis on
IBUP10 biopolymeric nanostructured systems (which exhibited minimal compositional changes and
preserved sphere-like morphology). Moreover, the UV-Vis qualitative analysis suggests a prolonged
release profile of the therapeutic agent. At this point, one can state that the nanostructured biopolymeric
microspheres can be used for the incorporation and prolonged release of active substances under
dynamic conditions that simulate the biological environment.
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3.3. Drug Release Study under External Activation

We further assessed the potential use of PLGA-Fe3O4-IBUP microspheres in hyperthermia
applications and aimed to identify the suitable composition that provides maximal effect for future
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safe investigations. During hyperthermia experiments, the thermal response of our samples could not
be monitored higher than 46 ◦C (regardless of the microspheres’ composition), due to the completely
redistributed spatial organization of nanomagnetite-embedded samples inside the Dewar vessel.

The temperature evolution of PLGA-Fe3O4-IBUP over time, in the presence of magnetic fields
with applied powers of 1.2, 1.6, and 2 kW (corresponding to P = 60, 80 and 100% from maximum output
power, respectively), is presented in Figure 6. Within IBUP20 and IBUP50 nanostructured systems,
maximum temperatures reached by applying the lowest power (P = 60%) were ~40 ◦C and 44 ◦C,
respectively; these values were recorded after 30 min of high amplitude alternating field exposure.
For these nanostructured biopolymeric spheres, similar thermal responses are attained by applying
magnetic fields with 1.6 and 2 kW powers. After 25 min of exposure to radiofrequency magnetic field,
the temperature reaches a maximum of ~45 ◦C, regardless the content of nanomagnetite. A particular
case is represented by IBUP10 nanostructured microspheres, in which the heating effect is comparable,
regardless the power of external magnetic field. In this situation, a maximum temperature of ~43 ◦C is
attained only after 20 min of exposure.
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Figure 6. Temperature evolution of PLGA-Fe3O4-IBUP biopolymeric spheres in the presence of different
magnetic fields. (a) IBUP10; (b) IBUP20; (c) IBUP50.

In order to obtain relevant data regarding the release of IBUP from composite
microspheres after high amplitude magnetic field exposure, the UV-Vis absorption spectra of
PLGA-Fe3O4-IBUP-resulted supernatants were collected and compared with the data corresponding
to initial nanostructured systems.

As it can be noticed from Figure 7, all PLGA-Fe3O4-IBUP-resulted supernatants possess the
specific absorption maxima of IBUP (265 and 274 nm), regardless of the amount of nanomagnetite and
the strength of the applied magnetic field. The most relevant responses, in terms of IBUP release after
electromagnetic field exposure, are evidenced in the case in IBUP10 and IBUP20 samples. By comparing
these nanostructured systems, one can notice that the most prominent drug release effect was assigned
to the IBUP20 system exposed to 100% magnetic field strength, followed by the IBUP10 system exposed
to the radiofrequency magnetic field with lowest strength (60% of maximum output power).

By considering results reported after subjecting the PLGA-Fe3O4-IBUP nanostructured systems
to external magnetic fields, we noticed that IBUP10 microspheres exhibited a relevant hyperthermia
effect, in terms of heating efficiency and drug release under moderate external stimulation. At this
point, one can state that IBUP10 biopolymeric spheres are suitable for further analysis.

By gathering the experimental data resulted from drug release studies, we concluded that IBUP10
biopolymeric spheres are potential candidates for both prolonged release of active substances under
biomimetically simulated conditions and triggered release of biosubstances under external activation.
Therefore, we decided to consider only IBUP10 nanostructured microspheres for biological and
microbiological assessment.
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3.4. Biological Evaluation of Nanostructured Biopolymeric Spheres

3.4.1. Cellular Viability

The viability of THP-1 monocytes grown on materials with thin films of nanomagnetite-embedded
biopolymeric spheres of drug-free PLGA (S), IBUP-loaded PLGA (IBUP10), or IBUP-loaded PLGA-CS
(IBUP10 CS) was evaluated by MTS colorimetric assay 24 h and 72 h after the differentiation process to
macrophages occurred (48 h stimulation with PMA). THP-1 cells differentiated to macrophages were
used because monocytes/macrophages have a key role in the inflammatory process [97].

As shown in Figure 8, there is no cytotoxic effect of either of thin films of nanostructured
biopolymeric spheres tested on differentiated THP-1 cells grown for 24 h or 72 h, as compared to
coverslip (control). The results reveal good cellular viability when differentiated macrophages were
cultivated in the presence of IBUP10 or IBUP10 CS samples, suggesting an enhanced adherence.
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Figure 8. Viability of THP-1 cells attached to the surface of composite biopolymeric spheres coatings
after (a) 24 h and (b) 72 h (data are presented as mean values ± SD and significance was determined at
* p < 0.05).

3.4.2. Cellular Adhesion and Morphology

The cell interactions that occur at the interface of an implant are important in providing a closer
look at the biocompatibility of materials used in healthcare practice.

The direct effect of nanostructured biopolymeric coatings on the adhesion and morphology of
differentiated THP-1 cells was evaluated by fluorescence microscopy. It was of interest to investigate
direct material-differentiated macrophage interactions and to observe whether subtle modification of
composite’s surface can induce morphological modification of differentiated macrophages that could
lead to the initiation of the inflammatory process.

Briefly, actin, a key protein involved in cell adhesion, was investigated and the distribution of actin
filaments was compared in the samples with cells grown on thin films of drug-free (S) and drug-loaded
(IBUP10 and IBUP10 CS) biopolymeric spheres versus cells grown on coverslip control.

Representative fluorescence micrographs are presented in Figure 9. Cells exhibit typical round
shape (similar to undifferentiated monocytes morphology) when cultivated on either coverslips or
bare Ti substrates. When cells were cultivated on S-coated, IBUP10-coated, or IBUP10 CS-coated Ti
samples, a significant increase in cell adhesion was observed. A slight increase in the cell elongation
was observed, the effect being more prominent in the case of coatings of IBUP10 and IBUP10 CS
biopolymeric spheres. This could be interpreted as an adaptation of cells to surface characteristics.
However, morphological modifications induced by composite materials are not associated with an
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inflammatory response (as evidenced by the absence of TNF-α release by cells grown on these materials;
data not shown).
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Furthermore, we can suggest that cells have a preferential affinity for substrates modified with
biopolymeric spheres, as this conclusion is supported by the polymerized actin filaments (red) present
in all samples cultivated on nanostructured biopolymeric composites.

3.5. Microbiological Evaluation of Nanostructured Biopolymeric Spheres

For the antimicrobial evaluation of the obtained coatings we considered opportunistic bacterial
strain models (Gram-positive S. aureus and Gram-negative P. aeruginosa) and one yeast model
(C. albicans).

Although IBUP is known as an anti-inflammatory pharmaceutical agent, recent studies have
investigated its efficiency as an antimicrobial agent [98].

The results of microbial planktonic growth obtained in the presence of Ti modified with
nanostructured biopolymeric microspheres are included in Figure 10. As it can be observed, the
planktonic cultures of tested microbial strains are significantly inhibited in the presence of coatings
containing either IBUP or CS and IBUP. Significant inhibition of planktonic growth is observed in
the case of IBUP10-coated specimens, when compared to uncoated Ti samples. This effect could be
associated to the release of IBUP in the liquid media and to the subsequent antimicrobial activity.
The mere addition of CS within the biopolymeric spheres results in the most prominent inhibitory
effects against planktonic growth, independent of the microbial strain. It is worth mentioning that
the lowest inhibitory effects are observed against C. albicans, regardless the type of nanostructured
materials. However, the planktonic growth of both bacterial strains is significantly inhibited in the
presence of IBUP10 and IBUP10 CS biomaterials, with a slightly increased efficiency being reported in
the case of Gram-positive pathogen.
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Figure 10. Growth evaluation of planktonic cultures of S. aureus, P. aeruginosa, and C. albicans in the
presence of coatings of composite biopolymeric spheres.

Regarding biofilm formation assay, results demonstrate that the biofilm development is especially
inhibited by CS-containing coatings (Figure 11), regardless the microorganism’s type. When compared
to bare substrates, Ti coated with IBUP10 CS spheres exhibit significant and sustained effects against
the formation and development of microbial biofilm. In a parallel way with previously discussed
results, the most prominent inhibitory effects are exhibited against the contamination and colonization
stages of S. aureus. However, coatings containing plain IBUP- encapsulated PLGA nanostructured
microspheres also exhibit slight biofilm inhibition ability. This effect is especially manifested in the
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case of P. aeruginosa, supporting recent findings which demonstrate the antimicrobial activity of IBUP
against Gram-negative strains [76].
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4. Conclusions

Biopolymeric microspheres embedding magnetite nanoparticles and Ibuprofen (a common
therapeutic drug with acknowledged anti-inflammatory property and recently demonstrated
antimicrobial activity) were assessed as platforms for multiple biomedical applications.

A prevalent smooth surface and a narrower dimensional distribution were reported in the case of
IBUP10 and IBUP20 microspheres (synthesized by using reduced amounts of nanomagnetite), whereas
a rather textured surface and more heterogenic dimensions were noticed for the IBUP50 spheres.
The infrared studies confirmed the successful embedding of Fe3O4 and IBUP molecules within the
copolymer matrix of composite microspheres.

The long-term (21 days) biomimetic dynamic evaluation of nanostructured microspheres revealed
preserved compositional and structural integrity of composite materials, and suggested prolonged
release of IBUP. The exposure of PLGA-Fe3O4-IBUP composites to different external radiofrequency
magnetic fields evidenced important hyperthermia effects, accompanied by significant drug release.
A particular case was reported for composite nanosystems embedded with the lowest amount of
nanomagnetite (IBUP10), which resulted in the maximal thermal response and the most relevant drug
release, after only 20 min of exposure to the weakest alternating filed.

The IBUP10 nanostructured microspheres and their chitosan-containing counterparts (IBUP10
CS) were used as coatings, and proved important promoting effects on the adhesion and proliferation
of macrophages.
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Both planktonic and dynamic biofilm development of Staphylococcus aureus, Pseudomonas
aeruginosa, and Candida albicans strains were inhibited by the composite biopolymeric sphere coatings.
A particular prominent antimicrobial effect was exhibited by CS-containing biomaterials against the
Gram-positive pathogen.

The composite biopolymeric spheres proposed in our study possess multifunctional features,
since their subsequent evaluation may include platforms for controlled and triggered therapy of severe
diseases, but also coatings for implantable devices intended for chronic condition management.
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