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Abstract: Nanoplatforms used for the loading of anticancer drugs constitute a promising approach to
cancer treatment and reducing the side effects of these drugs. Among the cutting-edge systems used
in this area are magnetic nanocomposites (MNCs) and nanocapsules (NCs). MNCs are considered
to constitute a smart tool for magnetic-field-guided targeted drug delivery, magnetic resonance
imaging, and hyperthermia therapy. Nanocapsules offer great potential due to their ability to control
drug-loading capacity, their release efficiency, their stability, and the ease with which their surfaces
can be modified. This study proposes a method for the development of nylon-6-coated MNCs and
nylon-6 polymeric membrane NCs. A biocompatible nylon-6 polymer was first used for NC synthesis.
Oleic-acid-modified and non-modified Fe3O4 nanoparticles were synthesized for the production
of nylon-coated MNCs. Dynamic light scattering (DLS), transmission electron microscopy (TEM),
and ζ-potential measurements were used to perform size, morphology, and charge analyses. The
above-mentioned two types of MNCs were considered templates for the manufacture of nylon
nanocapsules, leading to NCs with different charges and structures. The developed oleic-acid-coated
nylon-6 MNCs and NCs showed excellent loading values of the chemotherapy drug doxorubicin
(DOX) of up to 732 and 943 µg/mg (DOX/MNC or NC), respectively. On the contrary, the capacity
of the nano-construction that was not modified with oleic acid did not exceed 140 µg/mg. The
DOX-loaded nanosystems displayed pH-sensitive drug release properties, for which the highest
efficiency was observed at an acidic pH. The series of DOX-loaded MNCs and NCs inhibited A549
and HEK 293FT cell lines, with the lowest IC50 value of 0.31 µM observed for the nanocapsules,
which is a 1.5-fold lower concentration than the free DOX. Therefore, the presented nanoscale systems
offer great potential for cancer treatment.

Keywords: iron oxide nanoparticles; nylon 6; nanocapsules; polymer nanocomposites; doxorubicin;
coatings; pH stimuli response; drug delivery; toxicity; cancer treatment

1. Introduction

Cancer is considered one of the most frequently occurring diseases in the world [1].
However, cancer treatment drugs have numerous side effects that arise from non-specific
delivery and subsequent strong damage to healthy organs and cells. Doxorubicin (DOX) is
a widely used anthracycline antibiotic applied in many types of cancers [2–6]. The mecha-
nism of DOX activity includes DNA intercalation and strand disruption, topoisomerase II
inhibition, the formation of iron or copper metal complexes, and reactive oxygen species
formation [2]. Unfortunately, DOX-assisted therapy is associated with drug resistance and
numerous side effects for the entire body [4,5]. These toxic effects comprise cyto-, cardio-,
and myelotoxicity; headaches; nausea; and so on. Moreover, DOX has poor solubility and
tends to aggregate, leading to the creation of fibril-like structures [6]. The recent develop-
ments in this field focus on the manufacture of DOX-loaded nanocomposites, which have
effectively been used for targeted delivery and efficient drug release in cancer tissue [7–15].
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However, efficient vehicle design for effective therapeutic drug delivery poses a significant
challenge in clinical cancer treatment. Various nanoscale systems based on polymers, gold,
calcium carbonate, silica, magnetic materials, biological components, or bioinspared have
been proposed as controlled release methods for DOX [7–21].

Well-tuned nano-constructions may accumulate in solid tumors due to their enhanced
permeation and retention effect, which allow them to retain large-sized structures in the
nutritional gap. The particles should be greater than 15–20 nm and lower than 150 nm.
Particles smaller than 15 nm are removed from the blood through the kidneys, while
those higher than 150 nm are absorbed by the liver and spleen and pose problems with
vascular structures’ penetration and cellular internalization. By combining nanotechnology
and responsive DOX delivery systems, various nanocomposites can be synthesized, thus
avoiding drug resistance problems [8,13,16,21].

Magnetic nanocomposites (MNCs) have widespread applications in magnetic reso-
nance imaging, hyperthermia therapy, and theranostics [18,22–39]. MNCs based on Fe3O4
nanoparticles (MNPs) provide ferromagnetic properties suitable for magnetically targeted
anticancer drugs and gene delivery [1,13,40–48]. MNCs offer many advantages, including
high stability, low toxicity, good biocompatibility, and easy functionalization. However, in
most cases, the magnetic core should be completely protected by various organic and inor-
ganic materials. One of the popular approaches to achieve this is polymer coating [13,49–54].
A wide range of polymers and their functional groups provide excellent diversification of
colloidal stability, charge, solubility in water, salt and temperature stability, viscosity, and
further modification by address or reporter groups [13,49–60].

Nylon is a versatile polyamide polymer that has found several biomedical applications
due to its excellent mechanical and physical properties [61]. Nylon-6 is widely used for
the manufacture of medical materials [18,61–63]. Nylon exhibits high chemical stability,
amphiphilic properties, and excellent biocompatibility [16,61]. Due to its low density
and ability to aggregate, nylon may form extensive porous structures, which may be a
promising affordance in terms of drug loading [16,18,61].

Polymer-coated MNCs may be transformed into nanocapsules (NC) by destroying
their magnetic cores in extremely acidic media [64,65]. NCs are nanoshells consisting of a
polymeric membrane and a liquid core. NCs have unique properties that make them attrac-
tive for bio-applications [64,66]. The encapsulation of an anticancer drug into an NC can
reduce its toxic effects and provide controlled release in a desired location [65,67–73]. Tar-
geted delivery and controlled drug release from MNCs and NCs increase the effectiveness
and reduce the side effects of chemotherapy.

Controlled drug release in a cancer tissue environment by a pH-stimuli-response
is a well-known method with high prospects in this field [8,13,16,21]. pH-responsive
constructions should have extremely low drug release properties in plasma (pH~7.4) and
healthy tissue. On the contrary, composites should have efficient drug release properties at
pH~5 in a tumor, which is a level that can be found in a tumor’s extracellular matrix [74–79].

Herein, we report the synthesis of pH-stimuli-sensitive, DOX-loaded, nylon-modified,
oleic-acid-coated, or non-coated MNCs and NCs. Two types of magnetic nanoparticles
with and without oleic acid surfactants were used as cores for the manufacture of further
composites. Nylon-6 polymer was first used as an MNP coating for drug delivery and as an
NC membrane. The synthesized oleic-acid-coated or non-coated MNCs and NCs provided
different charges and morphologies, which strongly influenced drug capacity and pH-
sensitive release. The oleic-acid- and nylon-6-coated MNCs and NCs showed an excellent
DOX-loading capacity of up to 732 and 943 µg/mg (DOX/MNC or NC), respectively. On
the contrary, the non-modified-with-oleic-acid nano-constructions’ capacity did not exceed
140 µg/mg. The pH-sensitive DOX release profile of the constructions was estimated,
for which it was determined that they had highly efficient levels of drug release at an
acidic pH. The prospective effects of the DOX-loaded MNCs and NCs were shown on
A549 and HEK 293FT cell lines. The excellent capacity, efficient drug release in acidic
media, and high cancer cell inhibition observed exhibit the promising potential of the
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DOX-loaded nylon-based NCs synthesized from oleic-acid-modified MNCs for the field of
drug-resistance therapeutics.

2. Results and Discussion
2.1. Synthesis and Characterization of MNPs

MNPs and oleic-acid-coated MNPs (MNP_OA) were synthesized according to previ-
ously published procedures via classical co-precipitation methods [13,18,80]. MNPs and
MNP_OA have similar sizes but opposite particle charges (Table 1). In comparison to
MNPs, the MNP_OA has a ζ-potential of −43 mV, usually indicating perfect colloidal
stability. Oleic acid (OA) was used as a primary surfactant for surface stabilization, which
is necessary for making monodisperse and uniform MNPs [81,82]. Moreover, the presence
of OA with a negatively charged carboxylic group transforms the nanoparticles’ positive
charge to a negative one (Table 1, cf. MNP and MNP_OA).

Table 1. DLS data for MNP and MNP_OA.

NP Type Hydrodynamic Diameter, nm Polydispersity Index ζ-Potential, mV

MNP 123 ± 7 0.205 ± 0.005 23.0 ± 8.0
MNP_OA 112 ± 18 0.172 ± 0.010 −43.0 ± 0.9

To endow the MNPs and MNP_OA with better colloidal stability, the presence of
0.05–0.1% Tween 20 in mQ water during storage and TEM analysis is required. Tween is
a non-ionic amphiphilic surfactant that consists of a polar head and a hydrophobic alkyl
chain, thus providing better water solubility [51,83]. The TEM results are shown in Figure 1.
Nanoparticles with a size of ~13 nm form clusters up to 100–150 nm in both cases (Figure 1).
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Figure 1. TEM images of MNP (A) and MNP_OA (B). The bar indicates 100 nm.

2.2. Nylon-6-Coated Nanocomposites’ Synthesis

The nanocomposites were obtained according to a four-step procedure (Figure 2). Their
synthesis was carried out according to a procedure that was previously developed by the au-
thors [16,18] consisting of the widely used tetraethyl orthosilicate/3-aminopropyltriethoxysilane
(TEOS/APTES) method [84–90] with a subsequent 2,4,6-trichloro-1,3,5-triazine reaction.
The activated surface of the MNPs may be further modified with nylon-6 polymer [16,18].
The nanocapsules (NC1 and NC2) were obtained via magnetic core destruction using a
strong acid. NC1 and NC2 were synthesized from MNP_Ny and MNP_OA_Ny, respec-
tively. To confirm the components of the MNCs and NCs, the FT-IR spectra of the MNP_OA,
MNP_OA_Ny, and NC2 were recorded, and the results are presented in Figure 3. The
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FT-IR spectrum of the MNP_OA provides the characteristic peaks of OA at 2918 cm−1,
2837 cm−1 (asymmetric and symmetric -CH2 and -CH3 stretch, respectively), 1707 cm−1

(-C=O asymmetric stretch), 1533 cm−1, 1441 cm−1 (-COO asymmetric and symmetric
stretch), 1417 cm−1 (CH3 umbrella), the magnetite MNPs’ core peak at 571 cm−1 (Fe-
O stretch), and water OH stretching or O-H on the MNPs’ surface at 1630 cm−1 and
3375 cm−1 [21,91–96].
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To confirm the successful functionalization of the MNP_OA by nylon and the nanocap-
sules’ formation, the FT-IR spectra of MNP_OA_Ny and NC2 were recorded. The FT-
IR spectrum of the NC2 nanoparticles is similar to that of pure nylon 6 (Figure 3, see
https://spectra.chem.ut.ee/textile-fibres/polyamide/, accessed on 1 February 2023). The
characteristic peaks of nylon were found at 447, 517, 580 (C-C deformation), 694 (C-C
bending), 1265 (C-N, N-H), 1373 (CH2 wagging), 1414 (CH2 scissors, N-H deformation),

https://spectra.chem.ut.ee/textile-fibres/polyamide/
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1549 (C-N, N-H), 1643 (amide C = O stretch), 2864 (CH2 symmetric stretch), 2945 (CH2
asymmetric stretch), 3057 (N−H overtone), 3294 (N-H stretch), and 3442 cm−1 (O-H and
N-H stretch) [97–99]. The major peak of the silica coating at ~1026 cm−1 (asymmetric
Si-O-Si stretch) was also found. For MNP_OA_Ny, the characteristic peaks of silica coating
were easily found at 463, 812 cm−1 (symmetric Si-O-Si stretch), and 1092 cm−1 [16,100,101].
The 1400–1700 cm−1 area corresponds to a combination of two nylon major peaks and
the O-H bending of water molecules at ~1630 cm−1. The MNPs’ core peak at 584 cm−1

(Fe-O stretch) [91,92] splits due to mixing with nylon signals. As the characteristic peaks
of nylon overlap with those of the MNPs and silica, a qualitative reaction with a N-(2-
hydroxyethyl)-phenazinium ion was carried out for MNP_OA and MNP_OA_Ny [16,102].
A violet-colored product was formed by the MNP_OA_Ny (Figure S1).

Changes in the charges and sizes studied by TEM and DLS are presented in Table 2
and Figure 4. The resulting MNP_Ny and NC1 have a charge similar to that of the initial
MNPs. The ζ-potentials of the MNP_Ny and NC1 are similar to the MNPs and were
estimated as ranging from 25–27 mV, which indicates moderate electrostatic stability in
solution. However, the particle size determined by DLS increased two-fold in comparison
to that of the initial MNPs (Table 2). The MNP_Ny composite forms 201 ± 3 nm sized
agglomerates as determined by DLS, which can be also seen by TEM (Figure 4A). The PDI
index is about 0.3, which indicates a non-monodisperse system with small nanocomposites
(~20 nm) and large agglomerates (~200–300 nm) as determined by TEM.

Table 2. DLS data for MNP_Ny, MNP_OA_Ny, NC1, and NC2.

NP Type Hydrodynamic Diameter, nm Polydispersity Index ζ-Potential, mV

MNP 123 ± 7 0.205 ± 0.005 23.0 ± 8.0
MNP_Ny 201 ± 3 0.290 ± 0.021 25.0 ± 4.0

NC1 243 ± 20 0.312 ± 0.009 27 ± 5

MNP_OA 112 ± 18 0.172 ± 0.010 −43.0 ± 0.9
MNP_OA_Ny 163 ± 6 0.167 ± 0.020 −7.0 ± 0.2

NC2 130 ± 13 0.189 ± 0.012 −6.8 ± 0.3

NC1 assumes an “erythrocyte” shape upon drying, with a less electron-dense interior
and an increasing shell density towards the edges (Figure 4B). NC1’s thick nylon-6 mem-
brane of ~4 nm in width was easily captured by TEM. However, both NC1 and the MNP_Ny
form large agglomerates (Figure 4B). The formation of such structures can significantly
affect their drug-loading properties due to the changes in the accessible surface area.

The sizes of MNP_OA_Ny and NC2 were determined to be 163 nm and 130 nm via
DLS, respectively (Table 2). NC2 generates a less pronounced composite shell with low
electron density and a size of 28 ± 4 nm as determined by TEM (Figure 4D). Unlike NC1,
NC2 forms separate nanocapsules without aggregates, which may provide unhindered
DOX loading (Figure 4D). The ζ-potential of MNP_OA_Ny and NC2 is about −7.0 mV,
which primarily indicates low electrostatic stability. However, the ζ-potential of the initial
MNP_OA was −43 mV. Furthermore, we did not obtain significant differences in colloidal
stability between MNP_Ny and MNP_OA_Ny and NC1 and NC2, respectively. On the
contrary, according to the solution behavior, MNP_OA_Ny possesses similar or better
colloidal stability. A ζ-potential value lower than −30 mV and higher than +30 mV is
primarily considered to correspond to sufficient physical colloidal stability. In practice,
ζ-potential is not a directly measurable function. The results are highly dependent on the
electrokinetic model employed [103]. We have used the Smoluchowski equation, which is
the one most widely used for NPs. We assumed that phenomena such as the NPs’ different
sizes, various layer charges, or double-layer polarization could reduce the magnitude of
the ζ-potential [103]. Moreover, for magnetite, the Smoluchowski model provides the
lowest ζ-potential magnitude [103]. Due to the complex structure and different charges
of the coating layers of MNP_OA_Ny and NC2, further investigation is required to fully
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understand their mechanisms. Nevertheless, the MNCs and NCs match the optimal values
for biomedical applications and may be used for further investigations.
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2.3. Anticancer Drug Doxorubicin Loading

Doxorubicin (DOX, 1 mg/mL) was loaded onto MNCs or NCs (1 mg) in 1 mL of a
10 mM sodium borate buffer (pH 8.5) (Figure 5) [13]. DOX loading was studied using
UV–vis spectroscopy. The amount of drug was estimated as the difference between the
added DOX and the DOX remaining in the solution after incubation with MNCs or NCs.
Capacity and loading efficiencies are presented in Table 3.
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Table 3. DOX-loading capacity and loading efficiency.

Sample DOX/MNC or NC, µg/mg DOX-Loading Efficiency, % 1

MNP 2 ± 1 0.4
MNP_Ny 139 ± 16 27.8

NC1 128 ± 6 25.6

MNP_OA 868 ± 37 86.8
MNP_OA_Ny 732 ± 25 73.2

NC2 943 ± 15 94.3
1 DOX-loading efficiency = DOX in the solution after loading/initial amount of DOX; 1 mL of DOX solution
(1 mg/mL) per 1 mg of MNPs was used.

OA-coated and non-modified-with-OA MNCs and NCs have extremely different DOX
capacities (Table 3). The OA-coated nylon-6 MNCs and NCs show excellent DOX-loading
values of up to 732 and 943 µg/mg (DOX/MNC or NC), respectively. On the contrary, the
non-modified with OA nanoconstruction’s capacity does not exceed 140 µg/mg. A high
capacity is associated with a good porous spatial structure of the nanosystems. Hence, OA
is an essential factor in terms of nanocomposites’ properties that influences drug release,
delivery, and further therapeutic effects. The use of OA as a capping agent resulted in
a partly hydrophobic coating and polar carboxyl groups with a negative charge (see ζ-
potential, Table 2). It provides a strongly bonded protective monolayer that enhances the
colloidal stability, dispersion, and crystallinity of the MNCs [13,21,104]. On the contrary,
DOX has a positively charged NH2 group and fatty aromatic rings. The presence of
OA on the surface of MNPs can greatly enhance DOX capacity, leading to increased cell
death [13,16,21]. Overall, the interaction between OA and DOX is complex and requires
careful consideration during the development of new anticancer constructions.

Nylon does not have any specific interactions with DOX. Nevertheless, it highly
influences the DOX loading. For example, in comparison to MNPs, the DOX capacity
for MNP_Ny highly increases (Table 3). Nylon 6 presents amphiphilic properties with a
hydrocarbon chain and polar amide group, which may favor DOX sorption via hydrophobic
and hydrogen interactions. The physical interaction between nylon and DOX can have
important implications for the efficacy and safety of chemotherapy treatment. For the pair
MNP_OA and MNP_OA_Ny, nylon coating slightly decreases the drug capacity, which
may be associated with preferable ionic interactions instead of a hydrogen bond between
DOX and a surface. In summary, the interaction between DOX and MNP_OA_Ny is
complex and requires further research to fully understand. However, both the OA and
nylon approaches hold promise with respect to improving the delivery and effectiveness
of chemotherapy drugs such as DOX. NC2 possesses the highest capacity of 943 µg/mg
among the studied nanocomposites.

2.4. Doxorubicin Release

pH-responsive drug release is an essential feature of nano-constructions. In this study,
the developed nano-constructions’ DOX release efficiency was studied at pH values from
4 to 7.4. FBS solution (pH 7.4) was chosen to mimic plasma-like conditions. pH ~ 5 can be
found in cell endosomes and cancer tissue. A good pH-responsive drug system should be
stable at neutral pH and have efficient DOX release in acidic media for cancer treatment.
The concentration of the released DOX was determined by absorption at 480 nm using a
calibration curve (Figure S2). Table 4 and Figure 6 provide pH-dependent drug release
data. The DOX-loaded MNCs and NCs tend to present non-efficient percentages of DOX
release at neutral pH. Moreover, in acidic media, the level of drug release was more efficient,
which correlates well with previously published papers [13,16,21]. Furthermore, the OA-
coated nanosystems showed more efficient drug release. For example, MNP_OA_DOX,
MNP_OA_Ny_DOX, and NC2_DOX showed more than 58%, 79%, and 45% drug release
values, respectively, for 3 h at pH 4.0. On the contrary, without OA, MNP_Ny_DOX and
NC1_DOX provide only 25–27% DOX release at pH 4.0.
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Table 4. DOX release efficacy after 3 h incubation in percentages.

Sample DOX/MNC or NC,
µg/mg

Release Efficiency (%) at Various pH

4 5 6 7 7.4 (FBS)

MNP 2 ± 1 - - - - -
MNP_Ny 139 ± 16 25 ± 9 12 ± 2 7 ± 2 5 ± 1 2 ± 1

NC1 128 ± 6 27 ± 4 20 ± 3 14 ± 3 12 ± 2 5 ± 2

MNP_OA 868 ± 37 58 ± 5 30 ± 3 21 ± 3 16 ± 2 7 ± 3
MNP_OA_Ny 732 ± 25 79 ± 8 38 ± 4 27 ± 4 19 ± 2 10 ± 2

NC2 943 ± 15 45 ± 4 38 ± 9 21 ± 2 18 ± 3 12 ± 3
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The highly drug-loaded MNP_OA_DOX, MNP_OA_Ny_DOX, and NC2_DOX nanocom-
posites showed efficient DOX release, in terms of both absolute values (Figure 6) and
percentages (Table 4), for the initial drug amount at pH 4–5. At pH 5, NC2_DOX provides
the same drug release percentage as MNP_OA_Ny_DOX. However, the absolute DOX
value is slightly higher for NC2_DOX. Thus, NC2_DOX shows pH-dependent drug release
characteristics and is the most promising among the studied nano-constructions. Drug
release presented as a function of time for the most promising NC2 is presented in Figure S3,
which indicates the gradual release of the drug from the construct. An example of the
DOX-loaded NC2’s time-dependent drug release UV–vis spectra at pH 6 is presented in
Figure S4. In comparison with NC1, NC2 has an up to seven-fold higher DOX capacity.
Compared to NC1-DOX, NC2_DOX has a two-fold higher drug release efficiency of 45%
at pH 4.0. Further research is needed to fully understand the nature and extent of the
differences between NC1’s and NC2’s interaction mechanisms to develop strategies with
which to enhance their effectiveness. However, a clearly observable structural difference
between NC1 and NC2 (cf. Figure 4B,D) comes from the different properties of the MNPs
and MNP_OA. Overall, OA can interact with nylon 6, thereby changing the MNCs’ layer
structure and yielding diverse sizes, charges, and morphologies (Figure 4A,C, Table 2).
Moreover, a much higher NC2 drug capacity may be associated with a negative charge
instead of a positive NC1. As stated above, a positively charged DOX will bind more
effectively with negative-charged nanosystems. These interactions can ultimately enhance
the capacity and change the pH release profile of the synthesized nanocapsules.

2.5. Cytotoxicity Studies of MNCs and NCs and DOX-Loaded Nanosystems

A cytotoxicity analysis was carried out via a widely used 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl-tetrazolium bromide (MTT) assay (see Supplementary Materials). The lung
adenocarcinoma A549 and human embryonic kidney HEK 293FT cell lines were chosen
to investigate the prospects of the nano-constructions. No significant degree of cytotoxi-
city was obtained for the synthesized nanocomposites at up to 27 µg/mL concentration
(Figure 7). The results correlate well with the previously obtained data for MNP_OA [13].
NC2 showed the highest cell viability among the studied nanosystems, which indicates the
potential of these nylon capsules for drug delivery.
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and NCs. Cells treated with PBS buffer were used as a 100% viability control. All values are given as
mean ± standard deviation (SD) values. All measurements were repeated no fewer than three times.

Various quantities of the DOX-loaded nanocomposites per drug concentration were
incubated with the cells for 72 h (Figure 8). The OA-coated nanocomposites showed better
cancer cell inhibition compared to free DOX, MNP_Ny_DOX, and NC1_DOX. Moreover,
NC2_DOX provides the best results with respect to both the A549 and HEK 293FT cell lines.
For the A549 cells, 2 µM per DOX concentration of NC2_DOX is enough to obtain a degree
of cell viability lower than 20%, which presents the successful outcome of the approach
employing nylon nanocapsules.
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Figure 8. Cell viability assay. Cell lines A549 (A) and HEK 293FT (B) were incubated for 48 h
with MNP_Ny_DOX, NC1_DOX, MNP_OA_DOX, MNP_OA_Ny_DOX, NC2_DOX, and DOX. Cells
treated with PBS buffer were used as a 100% viability control. All values are given as mean ± standard
deviation (SD) values. All measurements were repeated no fewer than three times.
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The half-maximum inhibitory concentration (IC50) values’ recalculations are presented
in Table 5. MNP_Ny_DOX and NC1_DOX yielded two-fold higher IC50 values than free
DOX. On the contrary, NC2_DOX requires an almost 1.5-fold lower amount compared
to the free drug to reach the necessary concentration, which ensures the death of 50% of
the cells. The obtained results demonstrate the high therapeutic potential of NC2 and
NC2_DOX for cancer treatment.

Table 5. The IC50 values of DOX-loaded nanocomposites and nanocapsules for A549 and HEK 293FT
cell lines.

Sample
A549 HEK 293FT

µM µM

MNP_Ny_DOX 1.36 ± 0.08 3.09 ± 0.07
NC1_DOX 1.17 ± 0.05 2.42 ± 0.05

MNP_OA_DOX 0.60 ± 0.03 0.99 ± 0.04
MNP_OA_Ny_DOX 0.59 ± 0.02 1.01 ± 0.02

NC2_DOX 0.31 ± 0.01 0.57 ± 0.01

DOX 0.50 ± 0.04 0.79 ± 0.03

3. Materials and Methods
3.1. Materials

The FeCl2·4H2O used in this study was obtained from Acros organics (MW = 198.81,
99+%, Geel, Belgium). FeCl3·6H2O was purchased from PanReac AppliChem (MW = 270.32,
97–102%, Darmstadt, Germany). 2,4,6-Trichloro-1,3,5-triazine was obtained from Merck
(Darmstadt, Germany). Nylon 6 (Product No. 181110); tetraethyl orthosilicate;
(3-aminopropyl)triethoxysilane; 2,2,2-trifluoroethanol; N,N-dimethylformamide; Tween
20; oleic acid; and all solvents and reagents were purchased from Sigma (St. Louis, MO,
USA) at the highest available grade and were used without purification. MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) assay kit was obtained from In-
vitrogen. The molecular weight (Mwv) of nylon 6 was measured by viscosimetry, yielding
a value of 22.5 ± 1 KDa. The following buffer solutions were prepared: 0.4 M sodium
acetate buffer (pH 4–7) and 10 mM sodium borate buffer of pH 8.5. Fetal bovine serum
(FBS) and Dulbecco’s modified Eagle’s medium (DMEM) were obtained from GIBCO, Life
Technologies (Carlsbad, CA, USA).

3.2. Characterization of MNCs, NCs, and DOX-Loaded Nanosystems

The dynamic-light-scattering (DLS) and ζ-potential measurements were taken on a
Malvern Zetasizer Nano device (Malvern Instruments, Worcestershire, UK) in aqueous
media. Transmission electron microscopy (TEM) images were captured on a Jem–1400 (Jeol,
Tokyo, Japan). Electronic absorption spectra were recorded on a UV-2100 spectrometer
(Shimadzu, Kyoto, Japan) or microplate reader Clariostar (BMG, Ortenberg, Germany).
The concentrations of DOX were determined by absorption at 480 nm using a calibration
curve (Figure S2). FTIR spectra were measured on a 640-IR FT-IR spectrometer (Varian,
MA, USA) from 4000 to 400 cm−1 at 25 ◦C accompanied with a KBr pellet.

3.3. MNP and MNP_OA Synthesis

The magnetic nanoparticles (MNPs) were synthesized according to the previously
published Fe2+ and Fe3+ salt ([Fe3+]/[Fe2+] = 2) co-precipitation method [18,80]. The
MNPs had average sizes of 11.0 ± 2.4 nm and 120 ± 5 as determined by TEM and DLS,
respectively. There were no differences in the properties of the MNPs between this study
and the published data [80].

The synthesis of OA-coated MNPs (MNP_OA) was carried out according to a pre-
viously published method [13]. The MNP_OA had an average size of 110 ± 15 nm as
determined by DLS.
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3.4. Synthesis of Nylon 6 Nanocomposites (MNP_Ny, MNP_OA_Ny)

Nylon-6 coating was performed in a 5 mL flask containing 300 µL of MNPs or
MNP_OA (1.13%), 2.5 mL of distilled ethyl alcohol, 0.2 µL of mQ water, and 0.05% tween-20.
The mixture was placed in an ultrasonic bath for 15 min. Then, 75 µL of 28% aqueous
ammonia solution and 10.5 µL of tetraorthosilicate (TEOS) were added to the mixture with
subsequent sonification in a “Sapphire” (Sapphire company, Moscow, Russia; ultrasonic
frequency 35 kHz, 50 W) sonication bath for 15 min and stirred at 1500 rpm for 18 h at
25 ◦C. The nanocomposites were magnetically separated and washed three times with
ethanol. A total of 150 µL of 5% ethanol solution of aminopropyltriethoxysilane (APTES)
was added to the precipitate and stirred at 1400 rpm for 2 h. Afterward, nanocomposites
were magnetically separated and washed three times with ethanol and once with acetoni-
trile. A 3 mL solution of 1,3,5-trichloro-2,4,6-triazine (10 mg/mL) in acetonitrile was added
to the precipitate and stirred at 1400 rpm for 2 h. Afterward, nanocomposites were magnet-
ically separated and washed three times with acetonitrile and once with trifluoroethanol.
A 4% solution of nylon-6 in trifluoroethanol/water mixture (80/20, v/v) was added to the
surface-active nanocomposites of 10–15 mg/mL and incubated overnight under stirring
(1400 rpm) at 25 ◦C. The MNP_Ny and MNP_OA_Ny were magnetically separated and
washed three times with trifluoroethanol/water mixture (80/20, v/v), once with 50/50,
20/80 mixtures, and once with mQ water.

3.5. Synthesis of Nylon-6-Based Nanocapsules (NC1 and NC2)

The nanocapsules were synthesized via the incubation of MNP_Ny or MNP_OA_Ny
with 3.5 M HCl at 90 ◦C for 60 min. The nanocapsules were separated by centrifugation,
washed twice with mQ water, neutralized with 100 mM buffer (10 mM Tris-HCl, 50 mM
KCl, 0.1% Tween-20, and 1.8 mM MgCl2 at pH 9.5), and resuspended in mQ water.

3.6. DOX Loading

The DOX loading on 1 mg of MNCs or NCs was carried out in 1 mL of 10 mM
sodium borate buffer (pH 8.5) containing the drug at 1 mg/mL concentration. The mixture
was incubated at 25 ◦C for 12 h under stirring (700 rpm). Afterward, nanocomposites
were separated via centrifugation (13,400 rpm, 5 min) and washed with 1 mL of buffer
solution three times. The DOX concentration in the discarded solution was measured
spectrophotometrically (480 nm, Figure S2, see Section 3.2). The bound drug amount
was estimated as capacity E µg/mg (DOX/MNCs or NCs) according to the equation:
E = (DOX0 − DOX)/N. DOX0 and DOX represent the initial and the discarded solution
amounts of DOX (µg), respectively. N denotes the amount of nanocomposites (mg).

3.7. DOX Release

DOX release was studied in 1 mL of 100 mM acetate buffer at pH ranging from 4 to 7 at
25 ◦C containing 1 mg of DOX-loaded MNCs or NCs under stirring (750 rpm). To determine
the concentration of doxorubicin from the solutions, nanocomposites were separated by
centrifugation (13,400 rpm, 5 min) and 100 µL aliquots were taken at various periods and
analyzed by UV–vis spectroscopy (480 nm, see Section 3.2). The amount of the released
DOX was calculated using a serial dilution of a DOX standard solution (Figure S2).

4. Conclusions

In summary, nylon-6-coated magnetic nanocomposites and nanocapsules with a nylon-
6 membrane were developed. The nylon-6-based polymer nanocapsules were obtained for
the first time in the present work. This material is highly promising due to nylon-6’s high
biocompatibility. DLS, TEM, FTIR, and ζ-potential measurements were used for analyses
of morphology, size, and charge. The TEM and DLS methods showed optimal sizes of the
nano-constructions for drug delivery applications. The oleic-acid-coated nylon-6 MNCs and
NCs showed excellent DOX loading values of up to 732 and 943 µg/mg, respectively. On
the contrary, the non-modified-with-oleic-acid nano-construction’s capacity did not exceed
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140 µg/mg. The proposed DOX-loaded MNCs and NCs provide pH-stimuli-responsive
drug release properties, with the highest efficiency presented in acidic media. An MTT
assay on the A549 and HEK 293FT cell lines demonstrated good cancer cell inhibition. Due
to their suitable size, high DOX capacity, efficient drug release characteristics, and low
IC50 value, the oleic-acid-coated NC2_DOX nano-constructions offer great prospects for
cancer treatment.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/magnetochemistry9040106/s1. Figure S1: Scheme of the
qualitative reaction of the nylon determination in MNP_OA_Ny (left) and MNP_OA (right) with
N-(2-hydroxyethyl)-phenazinium ion. The reaction product is colored blue-violet in the presence
of nylon. The initial MNP_OA was used as a control. Figure S2: Doxorubicin calibration curve for
concentration calculation for adsorption or release studies by UV–vis. spectroscopy (λ = 480 nm).
Figure S3: DOX-loaded NC2 time-dependent drug release at various pH values. Figure S4: UV–vis
spectra of aliquots in DOX-loaded NC2 time-dependent drug release experiment at pH 6.

Author Contributions: Conceptualization, E.D.; methodology, E.D., A.C. and Y.Z.; investigation,
E.K.; data curation, E.K. and Y.P.; writing—original draft preparation, A.C. and E.K.; writing—review
and editing, E.D. and Y.Z.; project administration, A.C. and E.D.; funding acquisition, A.C. and E.D.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Ministry of Science and Higher Education of the Russian
Federation (state registration No. 121031300042-1).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Kirillov V.L. (Boreskov Institute of Catalysis SB RAS) for the fruitful
discussion concerning MNP synthesis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Eslami, P.; Albino, M.; Scavone, F.; Chiellini, F.; Morelli, A.; Baldi, G.; Cappiello, L.; Doumett, S.; Lorenzi, G.; Ravagli, C.; et al.

Smart Magnetic Nanocarriers for Multi-Stimuli On-Demand Drug Delivery. Nanomaterials 2022, 12, 303. [CrossRef] [PubMed]
2. Carvalho, C.; Santos, R.; Cardoso, S.; Correia, S.; Oliveira, P.; Santos, M.; Moreira, P. Doxorubicin: The Good, the Bad and the Ugly

Effect. Curr. Med. Chem. 2009, 16, 3267–3285. [CrossRef] [PubMed]
3. Radu, E.R.; Semenescu, A.; Voicu, S.I. Recent Advances in Stimuli-Responsive Doxorubicin Delivery Systems for Liver Cancer

Therapy. Polymers 2022, 14, 5249. [CrossRef] [PubMed]
4. Sritharan, S.; Sivalingam, N. A comprehensive review on time-tested anticancer drug doxorubicin. Life Sci. 2021, 278, 119527.

[CrossRef] [PubMed]
5. Christidi, E.; Brunham, L.R. Regulated cell death pathways in doxorubicin-induced cardiotoxicity. Cell Death Dis. 2021, 12, 339.

[CrossRef] [PubMed]
6. Maruf, A.; Milewska, M.; Lalik, A.; Wandzik, I. pH and Reduction Dual-Responsive Nanogels as Smart Nanocarriers to Resist

Doxorubicin Aggregation. Molecules 2022, 27, 5983. [CrossRef]
7. Curry, D.; Cameron, A.; MacDonald, B.; Nganou, C.; Scheller, H.; Marsh, J.; Beale, S.; Lu, M.; Shan, Z.; Kaliaperumal, R.; et al.

Adsorption of doxorubicin on citrate-capped gold nanoparticles: Insights into engineering potent chemotherapeutic delivery
systems. Nanoscale 2015, 7, 19611–19619. [CrossRef]

8. Popova, V.; Poletaeva, Y.; Pyshnaya, I.; Pyshnyi, D.; Dmitrienko, E. Designing pH-Dependent Systems Based on Nanoscale
Calcium Carbonate for the Delivery of an Antitumor Drug. Nanomaterials 2021, 11, 2794. [CrossRef]

9. Yang, H.; Wang, N.; Yang, R.; Zhang, L.; Jiang, X. Folic acid-decorated β-cyclodextrin-based poly(ε-caprolactone)-dextran star
polymer with disulfide bond-linker as theranostic nanoparticle for tumor-targeted mri and chemotherapy. Pharmaceutics 2022,
14, 52. [CrossRef]

10. Caldera, F.; Nisticò, R.; Magnacca, G.; Matencio, A.; Khazaei Monfared, Y.; Trotta, F. Magnetic Composites of Dextrin-Based
Carbonate Nanosponges and Iron Oxide Nanoparticles with Potential Application in Targeted Drug Delivery. Nanomaterials 2022,
12, 754. [CrossRef]

https://www.mdpi.com/article/10.3390/magnetochemistry9040106/s1
https://doi.org/10.3390/nano12030303
https://www.ncbi.nlm.nih.gov/pubmed/35159647
https://doi.org/10.2174/092986709788803312
https://www.ncbi.nlm.nih.gov/pubmed/19548866
https://doi.org/10.3390/polym14235249
https://www.ncbi.nlm.nih.gov/pubmed/36501642
https://doi.org/10.1016/j.lfs.2021.119527
https://www.ncbi.nlm.nih.gov/pubmed/33887349
https://doi.org/10.1038/s41419-021-03614-x
https://www.ncbi.nlm.nih.gov/pubmed/33795647
https://doi.org/10.3390/molecules27185983
https://doi.org/10.1039/C5NR05826K
https://doi.org/10.3390/nano11112794
https://doi.org/10.3390/pharmaceutics14010052
https://doi.org/10.3390/nano12050754


Magnetochemistry 2023, 9, 106 13 of 16

11. Al-Musawi, S.; Albukhaty, S.; Al-Karagoly, H.; Almalki, F. Design and synthesis of multi-functional superparamagnetic core-gold
shell coated with chitosan and folate nanoparticles for targeted antitumor therapy. Nanomaterials 2021, 11, 32. [CrossRef]
[PubMed]

12. Carvalho, S.M.; Leonel, A.G.; Mansur, A.A.P.; Carvalho, I.C.; Krambrock, K.; Mansur, H.S. Bifunctional magnetopolymersomes
of iron oxide nanoparticles and carboxymethylcellulose conjugated with doxorubicin for hyperthermo-chemotherapy of brain
cancer cells. Biomater. Sci. 2019, 7, 2102–2122. [CrossRef] [PubMed]

13. Kovrigina, E.; Chubarov, A.; Dmitrienko, E. High Drug Capacity Doxorubicin-Loaded Iron Oxide Nanocomposites for Cancer
Therapy. Magnetochemistry 2022, 8, 54. [CrossRef]

14. Awan, U.A.; Raza, A.; Ali, S.; Saeed, R.F.; Akhtar, N. Doxorubicin-loaded gold nanorods: A multifunctional chemo-photothermal
nanoplatform for cancer management. Beilstein J. Nanotechnol. 2021, 12, 295–303. [CrossRef] [PubMed]

15. Mushtaq, S.; Shahzad, K.; Saeed, T.; Ul-Hamid, A.; Abbasi, B.H.; Ahmad, N.; Khalid, W.; Atif, M.; Ali, Z.; Abbasi, R. Biocompati-
bility and cytotoxicity in vitro of surface-functionalized drug-loaded spinel ferrite nanoparticles. Beilstein J. Nanotechnol. 2021, 12,
1339–1364. [CrossRef]

16. Popova, V.; Poletaeva, Y.; Chubarov, A.; Pyshnyi, D.; Dmitrienko, E. Doxorubicin-Loaded Silica Nanocomposites for Cancer
Treatment. Coatings 2023, 13, 324. [CrossRef]

17. Popova, V.; Dmitrienko, E.; Chubarov, A. Magnetic Nanocomposites and Imprinted Polymers for Biomedical Applications of
Nucleic Acids. Magnetochemistry 2023, 9, 12. [CrossRef]

18. Bulgakova, A.; Chubarov, A.; Dmitrienko, E. Magnetic Nylon 6 Nanocomposites for the Microextraction of Nucleic Acids from
Biological Samples. Magnetochemistry 2022, 8, 85. [CrossRef]

19. Chubarov, A.S. Serum Albumin for Magnetic Nanoparticles Coating. Magnetochemistry 2022, 8, 13. [CrossRef]
20. Petrov, K.D.; Chubarov, A.S. Magnetite Nanoparticles for Biomedical Applications. Encyclopedia 2022, 2, 1811–1828. [CrossRef]
21. Popova, V.; Poletaeva, Y.; Chubarov, A.; Dmitrienko, E. pH-Responsible Doxorubicin-Loaded Fe3O4@CaCO3 Nanocomposites for

Cancer Treatment. Pharmaceutics 2023, 15, 771. [CrossRef] [PubMed]
22. Anderson, S.D.; Gwenin, V.V.; Gwenin, C.D. Magnetic Functionalized Nanoparticles for Biomedical, Drug Delivery and Imaging

Applications. Nanoscale Res. Lett. 2019, 14, 188. [CrossRef] [PubMed]
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