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Abstract: Biofilms are the reason for a vast majority of chronic inflammation cases and most acute
inflammation. The treatment of biofilms still is a complicated task due to the low efficiency of
drug delivery and high resistivity of the involved bacteria to harmful factors. Here we describe a
magnetically controlled nanocomposite with a stimuli-responsive release profile based on calcium
carbonate and magnetite with an encapsulated antibiotic (ciprofloxacin) that can be used to solve this
problem. The material magnetic properties allowed targeted delivery, accumulation, and penetration
of the composite in the biofilm, as well as the rapid triggered release of the entrapped antibiotic.
Under the influence of an RF magnetic field with a frequency of 210 kHz, the composite underwent a
phase transition from vaterite into calcite and promoted the release of ciprofloxacin. The effectiveness
of the composite was tested against formed biofilms of E. coli and S. aureus and showed a 71%
reduction in E. coli biofilm biomass and an 85% reduction in S. aureus biofilms. The efficiency of
the composite with entrapped ciprofloxacin was higher than for the free antibiotic in the same
concentration, up to 72%. The developed composite is a promising material for the treatment of
biofilm-associated inflammations.

Keywords: nanocomposite; magnetite; antibiotic; biofilm; antimicrobial effect

1. Introduction

The formation of biofilms on biotic and abiotic surfaces is a critical problem in different
areas, from agriculture and industry to medicine. Since biofilms optimize the survival of
most microorganisms, any surfaces can be subject to colonization, including the human
body and medical devices. Implant infection of abiotic devices subjected to direct contact
with a patient, such as catheters, prostheses, implants, is another severe and frequent
medical complication [1–3]. Human tissues and organs are also subject to colonization by
microorganisms, which provokes inflammation in diseases such as cystic fibrosis, otitis,
and pericarditis [4].

Therapy of biofilm-related inflammation is a complex problem because bacteria inside
a biofilm are 100–1000 times more resistant to conventional antibacterial agents effec-
tive against free-floating (plankton) bacterial cells. The low efficiency of biocides against
biofilms is determined by their mechanical and chemical properties, which prevents deep
penetration of the antibiotic. Another important issue is cells with reduced metabolism,
known as ‘persisters’ [5]. Therefore, for effective antibiotic therapy, biofilms should be disin-
tegrated beforehand. However, aggressive antibacterial compounds and rough mechanical
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action are unacceptable for use inside the body [6–8]. There is no practical and non-
traumatic approach for addressing this problem so far. The most effective strategies against
biofilms are still based on traumatic and expensive procedures for the removal of biofilms
or replacement of the affected surfaces [4,8–11]. With the increase in implant-dependent
operations and the biofilm-caused complications, the need to develop an effective therapy
is continually increasing. The problems described above can be solved with a mechanical
disintegration of the biofilm, followed by an intense release of antibiotics. For these tasks,
biocide-conjugated nanoparticles (NPs) and nanocomposites have been intensively devel-
oped as an excellent opportunity for non-invasive therapy, as due to the small size and
unique physicochemical properties, such systems can show unique and valuable properties
for biomedical practice [12–20].

Taking into consideration the requirements for such systems, functional materials
based on calcium carbonate can be considered as promising candidates for the creation of
new types of functional materials due to their biocompatibility, synthetic availability, and
good drug loading capacities [21–25]. Another interesting property of such systems origi-
nates from their crystalline structure and well-known capability to undergo a spontaneous
transformation of its crystal phases from porous vaterite into dense calcite, which can be
accompanied by an inevitable release of pre-immobilized agents [26]. Modified carbonate
NPs can effectively prolong the activity of entrapped antibiotics and are shown to be
active against planktonic forms of some microorganisms [27,28]. However, it is necessary
to develop a target delivery system and controlled release in inflammatory foci for the
potential application of carbonate-based drugs in therapy. This is important because the
untargeted use of carbonate in high concentrations can lead to undesirable alkaline effects.

To solve the targeting problem, magnetically assisted delivery using NPs with su-
perparamagnetic properties is currently proposed [18,29–36]. The most suitable material
for this task is magnetite (Fe3O4), with proven efficacy for biocide-conjugated materi-
als [12,29,37]. The popularity of magnetite nanoparticles (MNPs) in biomedicine is due to
their high biocompatibility and magnetic controllability, allowing its use as a shuttle for
biocide delivery directly within biofilm [38,39]. However, MNPs themselves have a low
ability to conjugate biocide in such a way as to ensure its fully controlled release.

In the current study, we combined these two platforms to solve several biofilm control
problems at once. This study describes a new class of antibiofilm agents: magnetically
controlled carbonate nanocomposite with encapsulated model antibiotic—ciprofloxacin.
Ciprofloxacin was chosen because of its high efficacy against microorganisms, and at
the same time of low toxicity for mammals [40]. The system demonstrates two release
profiles, either a slow sustained release or a burst release stimulated by a high-frequency
magnetic field (210 kHz), which occurs due to accelerated crystal phase transformation
and disintegration of composite particles. This process provides the optimal therapeutic
action mode for the antibacterial agent at the site of inflammation.

The effectiveness of the developed nanocomposite has been proven in vitro in two
bacterial models: Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus.
Our results showed that the nanocomposite was significantly more effective than the
original antibiotic form in the same concentration. The efficiency improvement of the
antibiotic in the nanocomposite was up to 72%. The results obtained could be used to
develop practical approaches for antibiofilm therapy.

2. Results
2.1. Characterization of the Nanocomposite

The nanocomposite was prepared by the co-entrapment of MNPs and the antibiotic
ciprofloxacin into mesoporous vaterite-phase calcium carbonate particles. For this pur-
pose, the highly stable hydrosol of pristine magnetite nanoparticles was used [41]. The
hydrosol was prepared by ultrasonically assisted co-precipitation procedure and consisted
of nanoparticles with a diameter of 10 nm and a narrow size distribution according to SEM
(Figure 1a), TEM (Figure 1b), and X-ray diffraction (XRD) (Figure 1c) analysis. The XRD
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pattern of the MNPs corresponded to the magnetite crystal phase, and it was proved by
Raman spectroscopy (Figure 1d). The spectra of MNPs demonstrated a typical transforma-
tion from magnetite to maghemite and hematite upon elevation of laser power from 0.03 to
1.34 mW. The MNPs zeta potential was valued + 34 mV at pH 7, which determined excellent
colloidal stability of the material during synthesis of the final composite. Investigation
of the as-prepared hydrosol by DLS showed that it consisted of aggregates with a mean
hydrodynamic diameter of 63 nm (Figure 1e). MNPs demonstrated a superparamagnetic
behavior with an almost zero coercivity, while magnetization values reached 76 emu/g at
fields 7000 Oe (Figure S1).
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Figure 1. Characterization of the MNPs. (a) SEM image of MNPs; (b) TEM image of MNPs; (c) XRD pattern of MNPs
compared to JCPDS file No. 19–0629; (d) Raman spectra of MNPs collected at various laser beam intensity; (e) DLS analysis
of MNPs.

To produce the hybrid material, the MNP colloidal solution was mixed with
ciprofloxacin and calcium chloride solutions with a subsequent sodium carbonate so-
lution addition during constant stirring. As a result, calcium carbonate nucleation
occurred on the surface of magnetite, and composite magnetite-carbonate microparticles
were grown. During the synthesis, the positively charged amino groups of ciprofloxacin
electrostatically interacted with the negatively charged carbonate groups resulted in
the immobilization of the organic molecule within the porous composite. The resulted
particles had a spherical morphology with a mean diameter of 1.3 µm with a narrow size
distribution (Figure 2a,b); the XRD pattern of the material corresponded to a vaterite
crystal phase (Figure 2c). STEM images of the particles demonstrated their loose porous
structure with a developed architecture (Figure 2d,e). The material was mesoporous
according to low-temperature nitrogen adsorption; the measured surface area calculated
with the BET equation was 20 m2/g with a mean pore diameter of 3 nm according to
a BJH model. The magnetic curves of the composite material were typical for super-
paramagnetic materials, but the magnetization values were low due to the presence of
calcium carbonate and reached 11 emu/g at 7000 Oe (Figure S1). The amount of captured
ciprofloxacin was evaluated by UV spectroscopy by measuring peaks at 274 and 320 nm
in washing waters and was found to be 5% wt. for synthesized composite spheres.
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In water media, the composite particles underwent a phase transition from vaterite
into the calcite phase (Figure 3a–c). During this process, the morphology of the particles
changed from spherical to cubic. Specific surface area reduced from 20 to 0.2 m2/g, and
both MNPs and ciprofloxacin molecules were excluded from the particles into the media
(Figure 3d,e). The release rate was in good correlation with the process of recrystallization
and reached 97% after 5 h of incubation, following the recrystallization curve (Figure 3f).
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Figure 3. (a–c) Phase change of vaterite particles into calcite phase monitored by SEM; (d) TEM image
of vaterite particle with even distribution of MNPs; (e) TEM image of calcite particle, MNPs are
excluded to the surface; (f) release kinetics of ciprofloxacin compared to recrystallization dynamics.



Int. J. Mol. Sci. 2021, 22, 6187 5 of 14

As an alternative to a passive release, the process can be triggered by an external
stimulus by inducing a high-frequency (RF) magnetic field (210 kHz; 1 kA/m). With the
field applied, the MNPs were heated up by Brownian and Néel relaxation up to 65 ◦C [42]
to induce two synchronous processes: a porous vaterite transition of calcite to crystalline
and local evaporation of water around MNPs. As a result, the destruction of the composite
ceramic particles followed by a crystallization into larger crystallites and further release of
the drug started (Figure 4a–c). Forty-nine percent of the total ciprofloxacin amount was
released in a burst mode with a subsequent gradual release of the remaining antibiotic
to a final 96% discharge of the content, which could cause a prolonged therapeutic effect
(Figure 4d,e).
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Figure 4. (a–c) Under the influence of the RF field, vaterite underwent blast-like destruction
with a subsequent crystallization into the calcite phase; (d) under RF irradiation, burst release
of ciprofloxacin occurred with (e) a subsequent slow release of the drug.

2.2. Nanocomposite Effectiveness Against the Formed Biofilms

The antibiofilm activity of the nanocomposite was tested on biofilms of model bacteria:
E. coli (Gram-negative) and S. aureus (Gram-positive). For this purpose, biofilms were
pre-formed on abiotic model surfaces: borosilicate glass and polystyrene. The composite
was delivered and localized in the biofilm by a magnetic field using a neodymium magnet.
Then, the composite was destroyed by exposure of the system into a high-frequency field
(210 kHz and 1 kA/m) for 1 min, and the antibiotic was released. The biofilm biomass
and the number of live cells within it were examined after 24 h of incubation (Table 1 and
Figure 5). The amount of biomass was analyzed by the amount of binding dye (crystal
violet) remaining after washing the biofilms. The higher the composite or antibiotic
effectiveness, the smaller the amount of the dye bound to the biofilm, which was used to
determine the quantitative characteristic of the latter.

The antibiotic immobilized in a nanocomposite showed higher efficacy against formed
biofilms than the antibiotic in its free form. Free antibiotic prevented biofilm growth by 53%
in E. coli and by almost 46% in the case of S. aureus. At the same time, the nanocomposite
with the antibiotic acted as follows: the biofilm proliferation reduction of E. coli and S. aureus
by 71% and 85%, respectively. Thus, ciprofloxacin, initially less effective against S. aureus
biofilm, was, on the contrary, more active. This may be due to the effect of the composite
itself without the antibiotic. Under the same experimental conditions, the nanocomposite
without the antibacterial agent reduced biofilm mass growth by 46% in E. coli and by
76.5% in S. aureus. Based on the data obtained, it is possible to judge the synergistic effect
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of nanocomposite and ciprofloxacin primarily for Gram-positive bacterial species—72%
(S. aureus) vs. 38% (E. coli) (Table 1). This may be because Gram-positive bacteria are less
protected from the surface and are more susceptible to the penetration of harmful ions
formed, particularly under the action of magnetite [29]. First of all, the harmful effect of
nanocomposite on biofilms is due to the magnetite contained in it. This was determined by
studying the effect of magnetite on the biofilm outside the nanocomposite (Figure 6). MNPs
reduced E. coli biofilm biomass by 18%, while S. aureus biofilm biomass was decreased by
34%. Thus, magnetite in the composition of the composite was used to determine its higher
effectiveness against S. aureus biofilm.

Table 1. Efficacy of nanocomposite against the formed biofilms of E. coli and S. aureus.

Compound
Biofilm Mass after Treatment (М± SD) The Efficiency of CF in NC Compared

To the Original Form of CF, %CF 1 in Its Original Form (Free) CF in NC 2

E. coli

Without compound 0.951 ± 0.07 -
NC 0.516 ± 0.05 -

NC with 0.15 µg/mL
CF 0.443 ± 0.02 0.275 ± 0.02 38

S. aureus

Without compound 1.575 ± 0.08 -
NC 0.370 ± 0.02 -

NC with 2.5 µg/mL
CF 0.853 ± 0.06 0.239 ± 0.01 72

1 Ciprofloxacin. 2 Nanocomposite.
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In addition to assessing biofilm biomass after exposure to the composite, cell viability
within the remaining biofilm was also examined. For this purpose, LIVE/DEAD stain-
ing followed by confocal microscopy was performed. Figure 7 shows the staining of E.
coli biofilms after antibiotic treatment in their original form (Figure 7a) and as a part of
composite (Figure 7b). As shown in the figure, the number of dead cells after exposure
to a composite with an antibiotic was significantly higher than after antibiotic treatment
in its free form. This indicates that even the biofilms that remained after exposure had
weak viability.
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Figure 7. LIVE/DEAD staining of E. coli biofilms after treatment with ciprofloxacin 0.15 µg/mL:
(a) in its original form; (b) immobilized into a nanocomposite. Confocal microscopy. Pseudocolors:
red-dead cells and green-living cells.

3. Discussion

All modern strategies for treating biofilm-associated inflammation remain ineffective,
and methods for the early detection, prevention, and elimination of biofilms are still
lacking [43,44]. The conventional protocol is a combination of surgery and 6–12 weeks
of systemic antimicrobial therapy [45]. This is harmful to various body systems, and the
medical community was eager to get a less risky method for eradicating biofilms. Therefore,
nanocomposite materials for invasive and non-invasive administration have been actively
developed and used. One of the safe compounds is calcium carbonate, which is safely
excreted from the human body. Obstacles to its use without specific initiators are the time
required for the complex decomposition and the need to maintain additional working
environment parameters. However, carbonate-based composite materials have found
wide application, in particular, in antibiotic therapy. Thus, carbonate composites loaded
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with gentamicin have been used to treat bacterial bone infections [28]. Another study
analyzed the prolonged effect of such composite systems on cancer cells [22] and the body’s
immune system as a whole [24] in the form of potential components of anticancer and
anti-inflammatory drugs. At the same time, it has been proven that, due to loading into a
porous carbonate matrix, unstable compounds in an active state reach the target points of
exposure to provide the expected effect, including an additional anti-infective effect.

At the same time, magnetic particles are not inferior in their popularity to use in vari-
ous types of therapy. Embedding magnetite in the composite matrix solves two problems
at once: the targeted delivery of an antibacterial agent and its controlled effect. At the
same time, the release of active components from the matrix scaffold by external forced
action occurs much faster than the effect of environmental changes in the pH through the
bacteria’s vital activity [46]. In addition to this, the mechanical effect exerted under the
influence of an external magnetic field on the disintegration of the bacterial biofilm makes
it possible to reduce the amount of the antibacterial component loaded into the matrix [47].
Thus, the study of biocide-conjugated magnetic particles proved the better permeability of
active agents into the biofilm thickness and its comparatively better eradication compared
to a native antibiotic [47,48]. In this case, the initiation of the composite opening by a
constant magnetic field was used. Revealing the efficiency of the system turned out to be
a promising field for further study of its properties and modification options. The issue
of controlled release under the influence of external controlled factors has not yet been
considered in this context. Consequently, the not yet fully revealed potential of the complex
was outlined.

It is known that a high-frequency magnetic field can be used for the controlled release
of various active components from a composite matrix. For example, one study provides
an example of using such a field to control the release of an anticancer agent [49]. In
a study conducted on the MG63 human cell line, an additional antibiotic effect of the
composite for the treatment of bone dystrophy in cancer was shown using the example of
S. aureus [50], which is a prospect for development in this area. There is information on
the use of high-frequency fields in the activation of an antiepileptic drug in the form of a
specially designed flexible device [51]. It is known that in the case of magnetically induced
release, there is an additional hyperthermic effect on damaged tissues [49,50], which causes
an increase in their cytotoxic effect in cancer cells, in particular, apoptosis.

Concerning bacterial film cultures, there is ample evidence for the effects of a constant
magnetic field on inflammation. In this case, the effect is not only on the sessile forms of
bacteria but also on plankton ones, which are in dynamic equilibrium [29]. For the drug
to attach to the surface of the biofilm, it is necessary to solve the problems of their affinity
and delivery or to apply a modern concept: to use the ability to fully control internal
processes through external ones. Mention of this can be found in some works, which talk
about the use of a high-frequency magnetic field to release antibiotics to combat bacterial
adhesion [50]. In addition, earlier studies were carried out for composites, which release
the active component from the matrix under the action of ultrasound [52]. The efficiency
was shown to be about 15%. However, even despite the prolonged effect, this was not
enough for the treatment of biofilms rapidly developing on the surface.

The nanocomposite material presented in this paper provides an effective method
for biofilm eradication. With magnetic targeting, the antibiotic in the inflammatory foci
can be localized; due to the controlled opening of the composite particles under the
influence of a 210 kHz magnetic field, an immediate antibiotic effect in high concentrations
is possible. This gives the developed system a significant advantage in contrast to the
systemic antibiotic intake associated with a higher dosage. Ciprofloxacin is a highly
effective antibiotic compared to many others, but it is not sufficient to altogether remove
bacteria in biofilms [53].

Our data also demonstrated the antibacterial effect of the nanocomposite without an
antibiotic. This was primarily due to the presence of magnetite in the composition of the
composite, which has a weak antibiofilm effect. The most significant effect is due to internal
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oxidative stress and cation release, which prevents cell proliferation due to DNA and
protein disruption [18,29]. In addition, bacterial growth is blocked due to the accumulation
of alkali ions on the film’s surface and the cells themselves. High alkalinity can inhibit
bacterial growth and biofilm formation. An alkaline pH can affect the physicochemical
properties of the bacterial surface and reduce the hydrophobicity of the bacterial surface,
preventing bacterial adhesion [54,55].

Thus, the efficiency of the developed nanocomposite with immobilized ciprofloxacin
was determined by (1) delivery to biofilm, (2) rapid antibiotic release due to which is
obtained at a time in a high concentration, and (3) the synergistic antibacterial action of
the antibiotic and composite. Due to these properties, the composite with antibiotics was
72% more effective than the antibiotic in its original form. Increased antibacterial activity
of particles in S. aureus samples compared to E. coli could be an advantage to use against
Gram-positive bacteria. The particles could also be loaded with other compounds for
anti-inflammatory and antibacterial treatments.

The nanocomposite developed in this study is entirely biodegradable. MNPs are
already widely used both as a drug and contrast agent for MRI [56], and vaterite is a
native component of the human organism which undergoes biotransformation [57]. The
magnetically-controlled vaterite matrix was considered to have low toxicity based on the
previously obtained cytotoxicity and cellular uptake data [58].

Thus, the effectiveness of the presented nanocomposite for complex therapy of inflam-
matory diseases caused by the formation and development of biofilms on abiotic surfaces
was proved. It is a promising groundwork for further in vivo studies for a comprehensive
assessment of the possibility of using the developed complex in pharmacological and
medical practice.

4. Materials and Methods
4.1. Materials

The components of an aqueous solution comprised of ammonia ≥27.5%, iron(II)
chloride tetrahydrate ≥98.5%, iron(III) chloride hexahydrate ≥99%, anhydrous calcium
chloride ≥99%, sodium carbonate ≥99%, ciprofloxacin ≥98.0% (HPLC), ethyl alcohol 99%,
acetone for HPLC, crystal violet for biological stain, were obtained from Sigma–Aldrich
(St. Louis, MO, USA). Deionized water 15 MOhm was produced with MilliQ Millipore Elix
3 system.

4.2. Bacterial Strain, Media, and Culture Conditions

This work used the E. coli ATCC 263-116 and S. aureus 209P strains. Cells were grown
in LB medium (Lennox, Sigma–Aldrich).

4.3. MNPs Synthesis

MNPs synthesis was based on the original method described in [59]. Following this
method, magnetite hydrosol was obtained by the co-condensation of iron(II) and (III)
chlorides by adding an aqueous solution of ammonia followed by washing to neutral pH
ultrasonic treatment. The resulting hydrosol had a mass fraction of solids of 2% wt.

4.4. Nanocomposite Synthesis

One milliliter of the stable hydrosol of MNPs was mixed with 100 µL of the 1%
ciprofloxacin solution and a 100 µL of 0.33 M calcium chloride solution. Under intense
stirring, 100 µL of 0.33 M sodium carbonate solution was added to the mixture and stirred
at 500 rpm for 5 min. After that, the synthesized composite was filtered through a syringe
filter with an average pore size of 1 µm to remove large aggregates, which was then
lyophilized and stored under sterile conditions at +4 ◦C. Before use, the composite was
dispersed in sterile deionized water to a final concentration of 1%.
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4.5. Antibiotic Release

The release of antibiotics was examined spectrophotometrically using Agilent Cary
8454 UV-Vis (Malaysia). In a quartz cuvette, 5 mg of the composite was mixed with 1 mL
of sterile deionized water and incubated at 37 ◦C for five hours in the spectrophotometer.
The release of the drug was monitored by UV spectra measurements at 277 and 320 nm.

4.6. Characterization

Zeta potential and hydrodynamic radius were measured by the method of dynamic
light scattering using a Photocor Compact-Z analyzer (Moscow, Russia). To analyze the
samples using transmission electron microscopy (TEM), the crushed xerogel was deposited
on a carbon-coated copper substrate, and then the sample was examined using an FEI
TECNAI G2 F20 electron microscope (FEI Company, Hillsboro, OR, USA). For analysis
using scanning electron microscopy (SEM), the samples were dried in a vacuum for 1 h
and examined using a Tescan VEGA 3 scanning electron microscope with complete set of
UniVac (Tescan Orsay Holding, Brno, Czech). The crystalline phase and the crystallinity
of the samples were measured by X-ray diffraction (XRD) with a Bruker D8 Advance
diffractometer (Brucker, Billerica, MA, USA) using Cu Kα radiation (λ = 1.54 Å). Samples
were scanned at 2θ at a rate of 0.5 degrees per minute. The specific surface area, average
pore diameter, and total pore volume were determined by nitrogen adsorption-desorption
using a Quantachrome Nova 1200 (Quantachrome Instruments, Boynton Beach, FL, USA).
Before the analysis, the samples were degassed for 2 h at 373 K. The surface area was
calculated using the Brunauer–Emmett–Teller (BET) equation. The average pore diameter
was calculated by the Barret–Joyner–Halenda (BJH) method. Raman spectra were recorded
using a 633 nm He-Ne laser line using a Horiba Jobin Yvon MicroRaman 300 instrument
(Horiba Jobin Yvon, Bensheim, Germany) with a 50× Olympus lens and a diffraction
grating with 1800 grooves/mm. For all measurements, the hole was 500 µm, and the gap
was 100 µm. The spectral analysis and antibiotic release kinetics were performed with an
Agilent Cary 8454 UV-Vis spectrometer (Agilent, Santa Clara, CA, USA) coupled with a
Temperature Controller unit. The radiofrequency (RF) field was generated by commercially
available Geekcreit 5V-12V ZVS (Geekcreit, Shenzhen, China) induction heating power
supply module with a water-cooled coil; the coil parameters were: number of turns—10
and length—0.03 m. The inductor was powered by a TPR3003T 3C Triple channel DC
(Shenzhen Atten Electronics Co, Shenzhen, China) regulated power supply. The field
frequency was 210 kHz with an amplitude of 1 kA/m.

4.7. Studies of the Nanocomposite Effectiveness Against Formed Biofilms

Studies of the nanocomposite effectiveness were carried out in an in vitro model
using two abiotic surfaces: borosilicate glass and polystyrene. Biofilms were prepared
by preincubating cell suspensions (106 cells/mL) in a growth medium on borosilicate
glass slides and 96-well immunological plates at 37 ◦C. After washing out the plankton
cells, fresh growth medium and (1) nanocomposite with ciprofloxacin, (2) nanocomposite
without ciprofloxacin, or (3) ciprofloxacin in its original form were added to the samples
to compare the effectiveness. Ciprofloxacin was used at concentrations of 0.15 µg/mL
and 2.5 µg/mL for E. coli and S. aureus, respectively. The nanocomposite with antibiotic
was used in such an amount that the ciprofloxacin concentration corresponded to the
concentrations mentioned above. A composite without antibiotics was used in the same
concentration minus the mass of ciprofloxacin.

After the addition of nanocomposite alone or with the antibiotic, they were immersed
in biofilms under a constant magnetic field; then, the nanocomposite was destroyed by a
magnetic field of 210 kHz and 1 kA/m’ for 1 min. After 24 h incubation at 37 ◦C, the plates
were prepared for quantitative analysis, and the slides—for microscopic analysis.
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4.8. Studies of MNPs Against Formed Biofilms

The experiements were carried out in the same way as in Section 4.7. The magnetite
solution added to the biofilm samples was used at concentrations of 0.02 and 0.20 mg/mL
to reveal the dynamics of their growth suppression. The final concentration of magnetite
was taken similar to that used in the nanocomposite.

4.9. Quantitative Evaluation of Biofilm

To quantify biofilms, they were fixed with 4% paraformaldehyde and stained with
0.1% crystal violet. The dye bound to the biofilm was later extracted with a mixture of
ethyl alcohol and acetone (3:1). The concentration of the released dye was measured
spectrophotometrically by a microplate reader Tecan Infinite® F50 at a wavelength of
600 nm [60].

4.10. Microscopic Analysis of Biofilm

For microscopic analysis of biofilms to evaluate the bacterial cell viability, the slides
were fixed with 4% paraformaldehyde and treated with BacLight Live/Dead stain (Ex:
488 nm/Em: 500 and 635 nm; Thermo Fisher Scientific) based on the manufacturer’s
protocol. The microscopic analysis of the biofilm was carried out in a Leica TCS SP5
confocal scanning laser microscope using a Leica 63× oil immersion objective.

4.11. Statistical Analysis

All experiments were performed at least three independent sets, and data were rep-
resented as mean ± SD. All graphical evaluations were made using GraphPad Prism
7.0 (GraphPad Software Inc., La Jolla, CA). Analysis of variance (ANOVA) was used to
evaluate the significant differences, and p < 0.05 was considered significant.
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