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Abstract: Plant extracts are highly valuable pharmaceutical complexes recognized for their biological
properties, including antibacterial, antifungal, antiviral, antioxidant, anticancer, and anti-inflammatory
properties. However, their use is limited by their low water solubility and physicochemical stability.
In order to overcome these limitations, we aimed to develop nanostructured carriers as delivery
systems for plant extracts; in particular, we selected the extract of Anthriscus sylvestris (AN) on the basis
of its antimicrobial effect and antitumor activity. In this study, AN-extract-functionalized magnetite
(Fe3O4@AN) nanoparticles (NPs) were prepared by the co-precipitation method. The purpose of this
study was to synthesize and investigate the physicochemical and biological features of composite
coatings based on Fe3O4@AN NPs obtained by matrix-assisted pulsed laser evaporation technique.
In this respect, laser fluence and drop-casting studies on coatings were performed. The physical and
chemical properties of laser-synthesized coatings were investigated by scanning electron microscopy,
while Fourier transform infrared spectroscopy comparative analysis was used for determining
the chemical structure and functional integrity. Relevant data regarding the presence of magnetic
nanoparticles as the only crystalline phase and the size of nanoparticles were obtained by transmission
electron microscopy. The in vitro toxicity assessment of the Fe3O4@AN showed significant cytotoxic
activity against human adenocarcinoma HT-29 cells after prolonged exposure. Antimicrobial results
demonstrated that Fe3O4@AN coatings inhibit microbial colonization and biofilm formation in
clinically relevant bacteria species and yeasts. Such coatings are useful, natural, and multifunctional
solutions for the development of tailored medical devices and surfaces.
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1. Introduction

Cancer is one of main causes of death worldwide, and the number of cancer-affected patients
is ever-increasing [1,2]. Colorectal cancer is the third most common type of cancer in the US and
the second leading cause of cancer deaths; it was estimated that new cases of colorectal cancer will
reach ~133,000/year in the next five years [3,4]. The direct involvement of microorganisms in cancer
has been known for over a century [5]. Bacteria are promoters of oncogenic processes, as they
produce toxins that interfere with cellular signals, therefore disturbing the regulation of cell growth [6].
Colorectal cancer has been in the center of epidemiological research, with the main scope being the
determination of causative factors for this disease. Several scientific studies have focused on the part
played by microbes in colorectal cancer etiology [7,8]. For example, evidence has shown that colonic
adenomas, carcinomas, and the mucosa of colorectal cancer are inhabited by high numbers of adhering
Escherichia coli of phylotype B2 [9–11]. It has been implied that the presence of some E. coli strains
in colonic cancer development is associated with chronic inflammation—a consequence of bacterial
infection that effects both the host and microbiota, specifically by stimulating the spread of E. coli [12].
Moreover, bacteremia is a life-threatening complication in patients with cancer, especially those that
are subjected to chemotherapy, because of the secondary effects of this type of treatment: ulcerative
lesions in mucosal surfaces and weakened host defenses. For example, epidemiological data suggest
that intestinal colonization by the opportunistic pathogen Pseudomonas aeruginosa is prominent among
hospitalized and cancer patients; the intestinal carriage of P. aeruginosa rises from ~3% in healthy
individuals to up to ~30% in hospitalized patients [13]. On the other hand, several studies have
analyzed the influence of fungal diseases on cancer establishment and progression. Candida albicans has
been the most studied due to the fact that it can disseminate hematogenously in immunosuppressed
cancer patients and spread to multiple organs [14].

Consequently, progressive methods aiming to offer both a constant and targeted release of
antibiotics together with a cancer treatment are crucial.

Recently, the advent of infection-producing pathogens with resistance to antibiotics and their
association into biofilms has pressed the medical community to research and discover new substances
with antimicrobial activity. The most investigated biofilm-embedded microorganisms are Gram-positive
bacteria (such as Staphylococcus aureus), Gram-negative bacteria (P. aeruginosa, E. coli, etc.), and yeasts
(like C. albicans) [15].

The increasing cost of current treatments (surgery, chemotherapy, and radiation) and the shortage
of operative drugs has encouraged individuals to consider medicinal plant use [16]. Even though
synthetic chemistry is now the leading method to synthesize drugs, the potential of plants and/or their
extracts to offer novel products and means for disease prevention and treatment is still vast [17,18].
Plant use and traditional remedies in the management of various illnesses are as old as civilization [19]
but still play an active role in typical treatments [20]. It has been estimated that ~50% of prescription
products in Europe and the USA originate from natural products and their derivatives [21,22].

Plant products are available and affordable sources of biologically active agents that may have
dissimilar mechanisms of action as compared with conventional drugs [23–26] and can represent
foundations for the development of new medications for diseases like cancer [27–30] and microbial
infection [31–35]. Therefore, new natural drugs can be advanced from plant essential oils and extracts
as no microorganism resistance or adaption to these natural drugs has been demonstrated in recent
years [36]. Phytochemicals isolated from medicinal plants have been screened for antibacterial
and antitumor properties. These classes of natural drugs include polyphenols, taxol analogues,
vinca alkaloids, and podophyllotoxin analogues [37].

Polyphenols have been shown to possess beneficial biological activities, such as antioxidant,
anti-inflammatory, antiviral, and anticarcinogenic activities. Although polyphenols, organic chemicals
which contain phenol units in their structures, have been shown to play important roles in many
treatments, they are still limited as pharmaceutical products; a key problem is their low bioavailability
under in vivo conditions [38]. Besides poor permeability, numerous polyphenols are metabolized in



Molecules 2020, 25, 3866 3 of 19

the gut and liver [39], consequently restraining the curative effect of their administration. Therefore,
the formulation of phytochemicals in drug delivery systems capable of enhancing the absorption of
active compounds is a necessary step.

Anthriscus sylvestris (Apiaceae family) (AN), commonly identified as wild chervil or cow’s
parsley, is a wild biannual plant, mostly found in temperate regions [40]. Traditionally, AN has been
used as an antipyretic, analgesic, diuretic, and as a cough remedy [41]. The chemical composition
of AN has been assessed in numerous phytochemical studies on all plant organs (leaves, flowers,
and roots). The major classes of phytochemicals include monoterpenes, phenylpropanoids, coumarins,
and flavonoid lignans [42]. Previous studies have reported that various fractions of AN extract may
have a potent antimicrobial effect against pathogens and opportunistic bacteria such as Escherichia coli,
Staphylococcus aureus, and Helicobacter pylori [42]. N-hexane, methylene chloride (MC), ethyl acetate,
and butanol fractions were proven to have antibacterial roles, while n-hexane and MC fractions inhibited
the growth of H. pylori and gastric adenocarcinoma cells [42]. Furthermore, the antiproliferative effects
of the roots and aerial part of AN showed a high in vitro inhibitory activity against MK-1, HeLa,
and B16F10 tumor cell growth [43]. These results show that AN extract may have a multifunctional
effect as a potent antimicrobial and anticarcinogenic agent.

Magnetic nanoparticles (NPs), in particular, magnetite (Fe3O4) nanoparticles, have attracted
special attention in the biomedical field, especially in the design of antimicrobial and anticancer
approaches. Fe3O4 nanoparticles are used as active transporters, tolerating drug transfer, and in targeted
therapeutic effects [44–46]. In order to protect the magnetic core of this type of nanoparticle against
corrosion, prevent phagocytosis by macrophages, and avoid the removal by reticuloendothelial systems,
these nanoparticles need to be coated. The coating of magnetic nanoparticles with biodegradable and
biocompatible polymers may overcome the poor control in drug adsorption and release associated
with Fe3O4 nanoparticles [47,48]. Besides, sole magnetic nanoparticles are limited in carrying drug
loads because of they lack the ability to control the amount of the drug and the rate of drug release.
Conversely, biodegradable polymers have the ability to release loaded drugs at a rate dependent on
their degradation [49]. Poly(lactide-co-glycolic acid) (PLGA) is a biocompatible and biodegradable
polymer, and its application for human use in drug delivery systems of various therapeutic agents
has been approved by the US FDA (Food and Drug Administration) and EMA (European Medicines
Agency) [50,51]. In recent years, PLGA–NP systems have been some of the most studied due to their
capacity for encapsulating drugs and biomolecules for applications in drug delivery [52,53].

Laser-based approaches for assembling thin films are used for the synthesis of these active
bio-platforms aimed at delivering natural drugs for various applications, such as cancer and antimicrobial
therapy. Matrix-assisted pulsed laser evaporation (MAPLE) is an additive laser deposition technique
developed for functionalizing solid substrates with different types of coatings [54]. MAPLE provides
high experimental versatility in terms of the possibility to preserve material properties (even for very
delicate compounds) and by providing uniform and adherent coatings on different substrates [55].
This method allows the preparation of various drug concentrations to be immobilized as thin layers on
the substrate material.

The purpose of this study was to develop and characterize a nanostructured thin coating based on
PLGA, Fe3O4, and AN extract with multifunctional bioactivity. The main focus of this study was on
assessing the antimicrobial activity of the coating against model microbial strains of opportunistic pathogens
with clinical relevance (the Gram-positive Staphylococcus aureus, the Gram-negative Escherichia coli, and the
yeast Candida albicans); the toxicity of this coating against tumor cells in vitro was also assessed.

2. Results and Discussion

2.1. Chromatographic Assay of Hydroalcoholic Extracts

Our findings by means of HPLC-DD method revealed the presence of nine polyphenols. The results
of phenolic content are presented in Table 1, and the typical chromatogram can be observed in Figure 1.
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The analysis of AN and its main polyphenolic components, taking into account their medical efficiency,
is essential. The identified polyphenols in the AN extract, especially those in high concentrations,
present a diversified antitumoral activity in terms of decreasing tumor growth, cell cycle, and metastasis
and increasing the drug response [56,57]. It was found that these compounds largely inhibited the
growth of MCF-7, SK-BR-3, and ZR-75-1 cells in a dose-dependent manner [58]. Naringenin has been
applied as an original treatment for cancer, as it suppresses cell growth and induces cell apoptosis of
HT-29 colon cancer [59]. It was reported that epicatechin was effectively used to inhibit the growth of
different cancer cells, such as those of prostate cancer, papilloma, and colorectal cancer [60]. Moreover,
chlorogenic acid is a polyphenol that is able to change the behavior of tumor cells and induce cancer
differentiation [61], representing an encouraging way to treat cancer.

Table 1. HPLC-DAD identification and quantification of some polyphenols from Anthriscus
sylvestris extracts.

Peak
Compound TR * Concentration

(mg/L) (min) (mg/L)

Extract 1 Extract 2 Extract 3 Average

1 Tannic acid 2.496 3.35 3.44 3.47 3.42 ± 0.06
2 Caffeic acid 19.573 13.48 12.95 14.19 13.54 ± 0.63
3 Chlorogenic acid 20.88 373.16 370.79 377.36 373.77 ± 3.33
4 Epicatechin (-) 22.913 402.46 410.05 419.68 410.73 ± 8.63
5 Delphinidin 23.262 33.39 30.09 31.62 31.7 ± 1.65
6 Daidzein 26.719 10.90 10.74 11.26 10.97 ± 0.27
7 Rutin 30.302 172.01 171.37 173.10 172.16 ± 0.87
8 Malvidin 33.098 496.85 485.31 497.83 493.33 ± 6.96
9 Naringenin 39.087 16.18 13.64 17.87 15.9 ± 2.13

* Retention time (TR) error of mean for compounds was ± 0.0001–0.2 min.

Figure 1. HPLC chromatograms of EtOH:H2O (70:30 v:v) Anthriscus sylvestris extract with detection at
250 nm.
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The antioxidant activity of the studied extract was 99.6%. The incontestable antioxidant activity has
a synergetic effect in conjunction with anticancer capacity. The chromatographic profile of the extracts
spanning from polar (98% water) to less polar (100% ACN) indicates that most of the polyphenols are
efficiently separated. Even if not all are identified, they surely contribute significantly to the targeted
objectives. Reproducibility of the extraction procedure is ensured by the traceability of all involved
steps: plant source (cultivated at Hofigal SA and collected in the same conditions), plant particle
dimensions (<0.3 mm), certified solvents for mixture preparation, microwave extraction method,
and HPLC analysis. The results (Figure 1 and Table 1) show that the chemical profiles of all three
microwave-assisted extracts were similar.

A typical chromatogram of the obtained extract is presented in Figure 1.

2.2. Physicochemical Characterization of Fe3O4@AN Nanoparticles

Fe3O4@AN nanopowders were characterized by TEM and SAED to show both the presence of
Fe3O4 as the only crystalline phase and the size of NPs. In Figure 2a–c, a general tendency to aggregate
is observable. Each aggregate is composed of a group of nanoparticles. The average size of NPs
evaluated by TEM (Figure 2d) was measured to be ~2.2 nm. The SAED pattern (Figure 2e) confirms the
crystalline structure of the Fe3O4@AN powder. Moreover, SAED patterns reveal a face-centered cubic
structure of the investigated powder. The identified (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 4 0)
diffraction planes are comparable with the data found in the literature [62,63] and correspond to ICDD
(International Centre of Diffraction Data) card No. 19-0629.

Figure 2. TEM images of Fe3O4@AN powder (a–c), histogram (d), and SAED pattern (e).
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2.3. Physicochemical Characterization of PLGA–Fe3O4@AN Coatings

In order to examine the compositional integrity of laser-processed materials, we conducted
comparative IR studies on the drop-cast (DC) samples PLGA–Fe3O4@AN vs. MAPLE coatings
(Figure 3a,b). From the IR spectra of samples subjected to drop-casting (Figure 3a) and MAPLE
deposition at 300 mJ/cm2 (Figure 3b), we can observe that a stoichiometric transfer was achieved.
As a general remark, the IR spectra of MAPLE coatings synthesized at F = 300 mJ/cm2 resemble the
corresponding drop-cast IR spectra.

Figure 3. IR spectra of (a) drop-cast PLGA–Fe3O4@AN and (b) PLGA–Fe3O4@AN coatings obtained at
300 mJ/cm2; IR maps of (c) drop-cast samples and (d) thin coatings (scale bar 50 µm).
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Absorbance intensities of IR spectra maps are proportional to color alternations, beginning with
the blue color (corresponding to the lowest intensity), gradually increasing through green and yellow,
and finally reaching red (the highest intensity) [64]. The infrared spectrum of PLGA–Fe3O4@AN
samples, both for coatings and drop-cast samples, is pictured in Figure 3. The weak infrared maxima
identified at ~2941 and ~2980 cm−1 are attributed to the CH3 stretch. The peaks identified at ~1185 and
~1451 cm−1 can be attributed to C-O stretch groups and C-H stretch, respectively. The infrared peak
identified at ~1737 cm−1 wavenumber is the consequence of C=O carbonyl group stretching [65,66].
The vibration peak identified at ~1041 cm−1 can be attributed to chain ester compounds of AN [67] and
the C-O-C group from PLGA. As one can observe from the IR spectra maps, we obtained a structurally
and compositionally homogenous coating. By associating this information with the classical IR analysis,
it can be stated that the MAPLE deposition technique did not damage functional groups or induce
changes to the chemical structure of the raw material.

In order to determine the thickness of the MAPLE-deposited thin coating, the sample was scanned
on an arbitrarily chosen distance of 8 mm. The thickness was 1175 ± 0.23 µm (Figure 4b). In the
same image, one can observe the homogeneity of the thin coating. The surface roughness profile
(XP2 Ambios surface profiler) was obtained by scanning the sample on a 5 mm surface; 60 individual
scans were co-added and converted. The determined average roughness value, Ra, was 76 ± 0.16 nm.

Figure 4. Optical microscopy images (in BF mode) at (a) 10× and (a’) 100×magnification; (b) thickness
of the thin coating.

2.4. Biological Evaluation of the PLGA–Fe3O4@AN Coatings

2.4.1. In Vitro Toxicity of the PLGA–Fe3O4@AN Coatings against Human Adenocarcinoma
HT-29 Cells

PLGA–Fe3O4@AN coatings were tested in order to investigate their ability to inhibit the cellular
growth of the human adenocarcinoma HT-29 cells and to assess their in vitro cytotoxic potential overall.
To accomplish this, the cellular metabolic activity of HT-29 cells in contact with the novel composites
was evaluated by the MTT assay (Figure 5). After 24 h, no significant differences in cellular viability
were observed in PLGA–Fe3O4@AN coatings as compared with the control glass slides. However,
after 48 and 72 h, the cell viability of HT-29 cells was significantly (p ≤ 0.0001) decreased on the
PLGA–Fe3O4@AN coatings as compared with the control samples. Moreover, a significant (p ≤ 0.0001)
decrease of the cellular viability was observed for the PLGA–Fe3O4@AN coatings at 48 and 72 h
as compared with 24 h, showing that the toxic effect of the coatings is considerably enhanced after
prolonged exposure; therefore, the cellular viability decreases in a time-dependent manner. In contrast,
the AN extract treatment triggered a dramatic decrease of the HT-29 cell viability, even after 24 h of
treatment, where a 75% decrease of the cellular viability was observed (p ≤ 0.0001). After 72 h of
treatment, only 7% of the treated HT-29 cells were viable, highlighting the high cytotoxicity of the AN
extract to colon cancer cells when administered in free form. In order to assess if the simple magnetite



Molecules 2020, 25, 3866 8 of 19

carrier influences the cellular viability, HT-29 cells were exposed to pristine Fe3O4 treatment. In this
case, a small decrease of the HT-29 cell viability was noticed only after 72 h of treatment, showing that
the nanoparticles exhibit low cytotoxicity towards HT-29 cells.

Figure 5. Cell viability of human adenocarcinoma HT-29 cells after 24, 48, and 72 h of contact with the
PLGA–Fe3O4@AN coatings, as revealed by the MTT assay (** p ≤ 0.01, **** p ≤ 0.0001).

The cytotoxic potential of the PLGA–Fe3O4@AN coatings, AN extract, and Fe3O4 nanoparticles
was investigated by measuring the LDH levels released in the culture media by damaged HT-29
tumor cells as a result of interaction with the composite’s surfaces or treatment exposure (Figure 6).
After 24 and 48 h of culture, the PLGA–Fe3O4@AN coatings exhibited a low cytotoxicity, as the LDH
activity was slightly increased as compared with the LDH levels detected in the control glass slides,
with a statistically significant LDH level shift observed only after 48 h (p < 0.05). In contrast, 72 h
postseeding, the LDH level released in the culture media was significantly (p ≤ 0.01) increased in
PLGA–Fe3O4@AN coating samples as compared with control samples. Regarding the LDH activity in
the culture medium of HT-29 cells treated with AN extract, our results were in full accordance with the
MTT viability test. As presented, the AN extract treatment significantly increased the LDH activity,
even after a 1-day exposure (p ≤ 0.001). In contrast, no statistically significant changes in the LDH
activity were observed in HT-29 cell cultures treated with simple Fe3O4 nanoparticles, despite the slow
increase of LDH levels after 72 h of treatment. Moreover, the LDH activity in the PLGA–Fe3O4@AN
coating samples significantly increased over time as a rising profile of the LDH activity was detected at
48 and 72 h in comparison with 24 h, showing that the synthesized coatings present a long-term toxic
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effect on HT-29 tumor cells. Thus, our results highlight the cytotoxic potential of the novel synthesized
PLGA–Fe3O4@AN coatings and also reveal that the HT-29 tumor cells are sensitive to the natural
extract embedded in the original coatings, as prolonged contact with these severely affected the cell
viability and metabolic activity of the HT-29 tumor cells.

Figure 6. Cytotoxicity of the PLGA–Fe3O4@AN coatings, AN extract, and Fe3O4 nanoparticle treatment
after 24, 48, and 72 h of culture, as revealed by the LDH assay (* p < 0.05; *** p ≤ 0.01; **** p ≤ 0.0001).

2.4.2. Microbiological Evaluation of the Coatings

The biofilm formation assay showed that infectious species presented dissimilar growth and capability
to develop biofilms on laser-obtained coatings. Likewise, some variances in the biofilm-inhibitory action
were detected at different time intervals.

The PLGA–Fe3O4@AN coatings seem to limit the formation and maturation of biofilms; various
phases of biofilm development were altered, starting with cell attachment and initiation of biofilms
and continuing with the maturation stages at 48 and 72 h, among the three tested species.

As visible from microbiological data, the most intense activity of PLGA–Fe3O4@AN coatings was
demonstrated against the development of the S. aureus monospecific biofilms. When compared to
the control (plain glass), the utmost effectiveness of PLGA–Fe3O4@AN coatings against early stages
of S. aureus colonization and biofilm formation was detected after 24 h of incubation, since CFU/mL
values decreased by more than 3 orders of magnitude. Furthermore, the efficiency of laser-obtained
PLGA–Fe3O4@AN coatings against the S. aureus strain is sustained after incubation at 48 and 72 h
(Figure 7).
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Figure 7. S. aureus biofilm formation (expressed as CFU (colony-forming units)/mL values) on control
and coated surfaces for 24, 48, and 72 h of incubation at 37 ◦C (* p ≤ 0.05, ** p ≤ 0.01; comparison of
coating versus control sample for the same time interval).

After 2 days of treatment, PLGA–Fe3O4@AN coatings demonstrated a slight inhibition behavior.
The bacterial community was reduced by almost 1 order of magnitude. Although a slight relapse of
bacterial biofilm formation is shown after 48 h, one can observe that CFU/mL values for biofilms at
72 h are reduced by more than 1 order of magnitude (Figure 8).

Figure 8. E. coli biofilm formation (expressed as CFU (colony-forming units)/mL values) on control and
coated surfaces for 24, 48, and 72 h of incubation at 37 ◦C (* p ≤ 0.05, ** p ≤ 0.01; comparison of coating
vs. control sample for the same time interval).

On the other hand, an attenuated antibiofilm activity was observed in the case of C. albicans,
as CFU/mL values were reduced by a little over 1 order of magnitude for all time intervals (Figure 9).
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Figure 9. C. albicans biofilm formation (expressed as CFU (colony-forming units)/mL values) on control
and coated surfaces for 24, 48, and 72 h of incubation at 37 ◦C (* p ≤ 0.05; comparison of coating versus
control sample for the same time interval).

Our obtained results support the antimicrobial efficiency of the AN extracts and show that
the obtained coating can promote and ensure a prolonged activity of this extract for at least 72 h.
Our results support previous findings regarding the efficiency of functionalized Fe3O4 NPs against
biofilm formation [68]. The impact of polymers, such as PLGA, in stabilizing and increasing the
efficiency of the bioactive NPs (probably by increasing the load of the bioactive compounds or extract)
is also supported by this study [69,70].

3. Materials and Methods

3.1. Materials

The anhydrous ferric chloride (FeCl3 - anhydrous), poly(lactic-co-glycolic acid) (PLGA) with a
50:50 lactide:glycolide molar ratio, heptahydrate ferrous sulfate (FeSO4·7H2O), ammonia solution
(NH3, 25%), methanol, and isopropanol were purchased from Sigma-Aldrich (Darmstadt, Germany).
Substances necessary for biological assays, namely Dulbecco’s modified Eagle’s medium (DMEM),
antibiotic antimycotic solution, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
and TOX7 kit, were also purchased from Sigma-Aldrich (Darmstadt, Germany). Human colorectal
adenocarcinoma cell line HT-29, Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 23235
bacterial strains, and Candida albicans ATCC 10231 fungal strain were acquired from the American Type
Culture Collection (ATCC, Manassas, VA, USA).

The fetal bovine serum (FBS) was purchased from Life Technologies, Foster City, CA, USA.
Tris (tris(hydroxymethyl)aminomethane, ≥99.5) and HCl 37% were purchased from Merck KGaA,
Darmstadt, Germany. Chloroform, used as a solvent for the preparation of MAPLE targets, was also
acquired from Merck.
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3.2. Synthesis of Fe3O4@AN NPs

3.2.1. Anthriscus sylvestris (AN) Extract

AN extract was obtained by using a microwave extractor (Ethos SEL-Milestone) equipped with
a closed vessel (100 mL) and a temperature monitoring system. In our experiment, 5 g of whole
plant material was mixed with 50 mL of selected solvent (ethanol:water = 70:30) and underwent
microwave-assisted extraction for 1 h at 100 ◦C. After the extraction, the mixture was vacuum filtered
through Whatman No. 1 filter paper and collected in a volumetric flask (45 mL of extract was recovered,
i.e., 7.81 g extract/g plant material). The extract was further used in liquid form without performing a
drying step in order to avoid sensitive compound degradation.

3.2.2. Functionalized Fe3O4@AN NPs

Functionalized Fe3O4 nanoparticles are usually prepared by wet chemical precipitation from
aqueous iron salt solutions by means of alkaline media, like HO− and NH3 [71,72]. In this case,
the AN-extract-functionalized Fe3O4 NPs were synthesized according to previously reported work [73,74]
as follows: First, 500 mg of AN extract and 8 mL of NH4OH (25%) were added to 200 mL deionized
water under stirring. Then, 1 g of FeCl3 (anhydrous) and 1.6 g of FeSO4·7H2O were dissolved in
200 mL of deionized water, and Fe+3/Fe2+ solution was dropped into the basic solution of AN extract.
After co-precipitation, magnetite-A. sylvestris nanostructures (denoted as Fe3O4@AN) were washed
several times with deionized water; after that, the NPs were washed three times with methanol and
separated with a strong NdFeB permanent magnet.

3.3. MAPLE Experimental Conditions and Deposition of PLGA–Fe3O4@AN Thin Coatings

Detailed protocols for thin film assembly by MAPLE were addressed in [75] and are briefly
described in the following. The MAPLE experimental procedure consists of laser irradiation of a
cryogenic target by a pulsed laser beam. The MAPLE depositions of thin films were done by means
of a KrF* (λ = 248 nm, τFWHM ≈ 25 ns) and an excimer laser source (COMPexPro 205, Coherent) in a
stainless steel reaction chamber at room temperature. During all MAPLE experiments, the following
parameters were kept constant: the target-to-substrate distance of 5 cm, a background pressure of
6 × 10−3 mbar, a laser fluence of 300 mJ/cm2, and a repetition rate of 15 Hz. The number of applied
pulses for each deposition was 36,000, and the laser energy distribution into a laser spot was controlled
with a laser beam homogenizer.

Before MAPLE deposition, the solution was prepared in a 3:1 mass ratio of PLGA:NPs suspended
in 2 mL chloroform. The obtained solutions were immersed in liquid nitrogen (LN2) and operated
as solid targets during laser deposition. During the laser deposition, the icy target was maintained
at a temperature of ~173 K by continuous cooling with LN2. The target was rotated with 0.83 Hz to
avoid laser-drilling.

Prior to the introduction in the deposition chamber, all substrates were successively cleaned with
acetone, ethyl alcohol, and deionized water for 15 min in an ultrasonic bath. After this step, substrates
were dried with a jet of high-purity nitrogen. The coatings were deposited onto double-side polished
Si (100) substrates for FT-IR and SEM analyses and glass plates for antibacterial assays.

Drop-cast samples were prepared on Si (100) substrates to be compared with lased-obtained
coatings in order to evaluate whether chemical changes appeared during the laser deposition.

3.4. Physicochemical Characterization

3.4.1. High-Performance Liquid Chromatography (HPLC) with a Diode-Array Detector (DAD)

HPLC-DAD quantification of bioactive polyphenols from AN extracts was carried out using
an HPLC system L-3000 (RIGOL Technologies, China) equipped with a Kinetex EVO C18 column
(150 × 4.6 mm, particle size of 5 µm), and the injection volume was 20 µL. The solvents used were (A)
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0.1 trifluoroacetic acid (TFA) in water and (B) 0.1 TFA in acetonitrile. The gradient elution was 2–100%
B at 30 ◦C for 60 min, and the elution flow was set at 1 mL/min. Measurements were performed at λ
max 250. The identification and quantification of compounds were done by comparison with standard
spectra at each retention time. Stock solutions of reference substances were prepared at a concentration
of 1000 µg/mL. For calibration curves, five concentrations were used (10, 50, 100, 200, and 400 µg/mL).
The rest of the peaks were unidentified.

For the chemiluminescence (CL) assay, extracts were used undiluted. The assay was performed
by using 200 µL 8 mM luminol, 50 µL 5 mM hydrogen peroxide, and 50 µL of the vegetal extract or
standard in Tris-HCl buffer (0.2 M, pH 8.6). The buffer was obtained from Tris and HCl. The CL was
measured on a Turner Biosystems Modulus.

The results were compared with the results obtained for two known antioxidants, rutin and
ascorbic acid (99%, Sigma-Aldrich, MO, USA), at different concentrations. The following mathematical
expression was used to obtain the antioxidant activity of each sample:

AA (%) = [(I0 − I)/I0] × 100 (1)

where I0 represents the maximum CL intensity for the blank and I is the maximum CL intensity for a
sample at t = 5 s after reaction initiation.

3.4.2. Transmission Electron Microscopy

Relevant microstructural data on Fe3O4-based samples were obtained by transmission electron
microscopy (TEM). TEM studies were achieved by using a Tecnai G2 F30 S-TWIN high-resolution
transmission electron microscope from FEI Company (Hillsboro, OR, USA). The TEM apparatus was
equipped with a selected area electron diffraction (SAED) instrument. The synthesized PLGA–Fe3O4@AN
powders were dispersed in ethanol, sonicated for 15 min, placed onto carbon-coated copper grids,
and dried at room temperature. The microscope was operated in transmission mode at 300 kV with a
TEM point resolution of 2 Å and a line resolution of 1 Å.

3.4.3. Infrared Microscopy (IR)

A Nicolet iN10 MX FT-IR microscope equipped with an MCT liquid-nitrogen-cooled detector was
used to record IR mappings. All measurements were made in the range of 4000–700 cm−1. The spectral
collection was conducted in reflection mode at 4 cm−1 resolution. For each spectrum, 32 individual
scans were co-added and converted to absorbance by using the Omnic Picta dedicated software from
Thermo Scientific (Waltham, MA, USA).

3.4.4. Optical Microscopy

Images were recorded with a Zeiss optical microscope (Imager Z1m, Göttingen, Germany)
equipped with an AxioCam MRc 5 (HR); the camera resolution was able to be varied from 1388 × 1040
to 4164 × 3120 pixels of 14 bits. For microscope analysis, the samples were placed in optical cells with
1 mm optical path.

3.5. Biological Evaluation

3.5.1. In Vitro Cytotoxicity Assessment

Human colorectal adenocarcinoma cell line HT-29 was cultivated in direct contact with the
PLGA–Fe3O4@AN composites or exposed to free-AN extract and bare Fe3O4 NP treatment. HT-29 cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Sigma/Merck, Steinheim, Germany)
supplemented with 10% FBS and 1% antibiotic–antimycotic solution (Sigma Sigma/Merck, Steinheim,
Germany) under standard culture conditions (37 ◦C, 5% CO2). Before cell seeding, all the tested
composites were sterilized by UV exposure. Afterward, HT-29 cells were seeded at the density of
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104 cells/cm2 on the surface of the PLGA–Fe3O4@AN composites or in 96-well cell culture plates.
After 30 min, samples were immersed in complete culture media (DMEM supplemented with
10% FBS and 1% antibiotic–antimycotic solution) and further cultured at 37 ◦C in a humidified
atmosphere containing 5% CO2. In the case of free-AN extracts or bare Fe3O4 NP treatment, cells
were incubated for 24 h to allow adherence to the culture surface and afterward treated with free-AN
extract and Fe3O4 NP solutions that were freshly prepared in culture medium. To determine the
effect of PLGA–Fe3O4@AN composites and their components on HT-29 cell viability, the colorimetric
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test was used. Briefly, after
24, 48, and 72 h, the culture media were discarded and replaced with a 1 mg MTT/mL solution,
freshly prepared in serum-free culture media. After 4 h of incubation with the MTT solution in the
dark and standard culture conditions, the resulting formazan crystals were dissolved in isopropanol.
The absorbance of the resulting solution was measured with the multimodal FlexStation III microplate
reader (Molecular Devices, San Jose, CA, USA) at 550 nm. HT-29 cell membrane integrity in contact
with PLGA–Fe3O4@AN composites or exposed to free-AN extract and Fe3O4 NPs was evaluated
by quantifying the levels of lactate dehydrogenase (LDH) released in the culture media using the
TOX7 kit. For this, media samples were collected after 24, 48, and 72 h and mixed with the kit
components according to the manufacturer’s instruction. The absorbance of the resulting solution
was measured at 490 nm using the multimodal FlexStation III microplate reader (Molecular Devices,
San Jose, CA, USA). All the presented experiments were performed in triplicate (n = 3). The obtained
results were then statistically analyzed using Graph Pad 6 software (one-way ANOVA, Bonferroni test).
All the data are expressed as mean ± standard error of the mean. A p-value of ≤0.05 was considered
statistically significant.

3.5.2. Antimicrobial Activity

The antimicrobial potential of PLGA–Fe3O4@AN coatings was assessed against opportunistic
microbial pathogens (laboratory strains): Staphylococcus aureus ATCC 23235 (a Gram-positive model
strain that is clinically relevant and biofilm-forming), Escherichia coli ATCC 2592 (a Gram-negative
model strain that is clinically relevant and biofilm-forming) and Candida albicans ATCC 10231 (a fungal
model strain that is clinically relevant and biofilm-forming). The assay followed a protocol adopted
from [76,77]. Briefly, microbial strains grown on nutritive agar for 20 h at 37 ◦C were used to obtain
microbial suspensions of 0.5 McFarland density (1.5 × 108 CFU (colony-forming units)/mL), prepared
in sterile buffered saline solution. Sterile samples (squares of 1 cm with 1 cm of glass containing the
MAPLE-deposited coatings on both sides) of the obtained nanostructured coatings were aseptically
transferred in sterile six-well plates, and 2 mL of Luria broth for bacteria or YPG (yeast peptone glucose)
for C. albicans were added in each well containing one sterile specimen of one type of coating. Then,
20-µL aliquots of the prepared microbial suspensions were added in the respective wells, and plates
were incubated at 37 ◦C for various time intervals (24, 48, and 72 h) in order to evaluate the ability of
microorganisms to colonize and develop biofilms on the tested coatings. For the biofilm evaluation,
after each 24 h of incubation, the specimens containing attached bacteria were gently washed with
sterile phosphate-buffered saline (PBS) to remove unattached cells and transferred in sterile culture
media to ensure the growth of biofilm-embedded cells only and provide them with fresh nutrients.
After each incubation interval, the specimens were washed with 1 mL of sterile PBS in order to remove
unattached bacteria and placed in a sterile tube containing 1 mL of sterile saline water. Tubes were then
vigorously vortexed for 20 s and sonicated for 10 s to determine the detachment of biofilm-embedded
bacteria. The resulting suspensions containing biofilm-detached bacteria were utilized to perform
serial dilutions that were inoculated in triplicate on nutritive agar plates. The inoculated plates were
incubated 24 h at 37 ◦C to allow the growth of inoculated microbial cells, and then the number of CFU
(colony-forming units) was calculated for each sample. The CFU/mL values were represented in a
logarithmic scale, and they reflect the number of microbial cells which attached to the tested coatings
and developed biofilms at various time intervals.
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4. Conclusions

In this study, we confirmed that MAPLE represents a promising deposition technique for obtaining
nanocomposite coatings with multifunctional activity, namely antimicrobial and cytotoxic activity,
against tumor cells.

Previously reported antimicrobial and antitumor efficiency of the AN extract is maintained within
the developed coatings, with the developed nanostructured thin films ensuring their controlled release
for at least 3 days.

Such thin coatings represent innovative and useful solutions for the development of natural and
bioactive materials with multifunctional applications.
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