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Abstract: To obtain composite fiber materials with antibacterial properties, the samples of bacterial
cellulose (BC), polylactide (PLA) and usual fibers (FM) were modified by poly-ε-caprolactone or
polyhydroxybutyrate and then functionalized by the enzyme-polyelectrolyte complex of quorum-
quenching enzymes, such as hexahistidine-tagged organophosphorus hydrolase with poly(glutamic
acid) or by suspension of tantalum nanoparticles (Ta NPs) in ethanol. The structures of the composite
fibers were analyzed using scanning electron microscopy. It was shown that the introduction of
additional natural polymers into the matrix of BC, PLA and FM resulted in decreasing of the structural
porosity. Comparative studies of the antibacterial activity of the composite materials were carried out
using Escherichia coli and Bacillus subtilis cells. The decrease of adenosine triphosphate concentration
in cell samples loaded onto fiber materials was applied as a measurable characteristic of antibacterial
effect typical for the new fiber materials. The profound improvement of antibacterial activity was
determined in composite materials with polyhydroxybutyrate and Ta NPs.

Keywords: fiber material; bacterial cellulose; tantalum nanoparticles; polylactide; polyhydroxybutyrate;
polycaprolactone; quorum quenching enzyme

1. Introduction

Modern trends in the production of special fiber materials suggest their multiple
functionalization [1], which can be provided by introducing various nanoobjects into them
(carbon or metal nanomaterials, electrically conducting or semi-conducting nanoelements,
enzymes and biologically active substances, including antibiotics). Research often focuses
on the combination of several nanoobjects loaded into fibers, according to the materials
modified by them [2], and as a result of such combinations, fiber materials with special
properties appear [3].

The idea of functionalization of fibers and fiber materials by nanoobjects, for example,
by enzymes is not new, and research in this area has been conducted for a long time
(in particular, in the development of self-cleaning and defense materials [4]). Recently,
much attention has been attracted by the different variants of possible functionalization
of nanofiber materials by enzymes [5,6]. In particular, we have recently found that it
is possible to successfully combine antimicrobials and the enzyme hexahistidine-tagged
organophosphorus hydrolase (His6-OPH) stabilized in enzyme-polyelectrolyte complexes
(EPCs) with poly(amino acids), e.g., with polyglutamic acid (PLE50) [7,8]. This enzyme has
a lactonase activity and can hydrolyze a wide range of quorum sensing signaling molecules
that are used by Gram-negative bacterial cells during development of antibiotic resistance.
Such a combination of stabilized enzyme and antimicrobial polypeptides in EPCs makes it
possible to increase the effectiveness of widely used antibiotics, reduce their doses and limit
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the development of resistance in pathogens [9,10], as well as to lower the level of possible
negative consequences from the use of antibiotics (dysbacteriosis, allergic reactions, etc.).

At the same time, the use of enzymes in the form of EPCs allows artificially enlarging
the size of the enzyme due to its environment with a partner-polypeptide, which can
contribute to more effective retention of the biologically active component in the fiber
material without the need for its covalent binding to such a carrier [8,11,12]. Nevertheless,
many researchers strive to covalently fix the enzymes in fiber materials [13].

However, the use of additional crosslinking agents always complicates the process of
obtaining functional fiber materials, creates the possible presence of residual amounts of
usually aggressive reagents (from the chemical point of view) in the created fiber content,
contact with which becomes undesirable and not safe, and the activity of the enzyme can
significantly decrease despite its high stability. The possible application of an enzymatic
EPC with an antibiotic to the surface of synthetic and natural fibers was shown, thus obtain-
ing a functionalized material with antimicrobial properties [14]. At the same time, bacterial
cellulose (BC), which is a biodegradable natural polymer with unique characteristics arising
due to its nanocrystalline structure and nanoporosity, has become popular as a basis for
fiber composite materials with antibacterial properties [15,16].

When varying materials that were functionalized by the same EPCs with an antimi-
crobial substance (using the example of antimicrobial polypeptides), it was found that
the modified material itself has a significant effect on the properties manifested by the
enzyme and antimicrobial substance when they are introduced into the material [17]. It
was shown that a change in the composition of the material, particularly due to the creation
of its composite version, can also significantly affect the change in the characteristics of
the material itself, in particular, sorption properties and strength, as well as the level and
stability of the functions manifested by the enzyme and antibiotic [18].

Varying the composition of composite materials with the same “functionalizing con-
tent” in the form of an enzyme that catalyzes bacterial quorum quenching (QQ) and
antimicrobial substance allows you to expand the spectrum of applications of such a com-
bination and to create new protective [14,19] and dressing materials [17]. At the same time,
in addition to the functional effectiveness of the tissue variants, the possibility of using
biodegradable materials in their creation becomes extremely important. Today, poly-ε-
caprolactone (PCL) [20] and poly-4-hydroxybutyrate (PHB) [21] are most often considered
among biodegradable polymers that can be used for the development of composite ma-
terials and for modification of both natural and synthetic fibrous materials. The reason
for this lies in the development of biotechnological approaches to scaling the processes of
obtaining these polymers, which form the basis for their wide potential commercialization.

It should be noted that bacterial cellulose (BC) has recently been used as the most
popular natural fibrous bases for polymer modifications [22] and polylactide (PLA) [23]. At
the same time, interest continues to grow in (semi)synthetic and natural fibrous materials,
e.g., cellulose-containing materials [24], for which production has already been well devel-
oped, but their modification by the above-mentioned natural biodegradable polymers and
subsequent functionalization by nanoobjects may open up new directions for the use of
such fibers.

One of the interesting techniques that can significantly increase the antimicrobial activ-
ity of fibers is the introduction of various metal nanoparticles (NPs) through ab(d)sorption
into fibrous materials [25,26]. The increased effectiveness of such composite materials is
ensured due to the absence of resistance in the cells of microorganisms to the effects of
metallic NPs. At the same time, the combination of these nanomaterials with a QQ-enzyme
and/or antibiotics can improve the overall efficiency of modified fibers [14]. Noteworthily,
tantalum NPs (Ta NPs) rather than widely used zinc NPs appeared to be more prefer-
able [27].
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The aim of this work was to obtain composite materials based on BC, PLA and usual
fibers, further modified by PCL or PHB. Then, these composites were functionalized
using Ta NPs or nanocomplexes of His6-OPH/PLE50, investigated by antibacterial and
enzyme activity and compared with unmodified materials. Such composite materials
were interesting due to the possibility of their application in various areas, including but
not limited to biomedicine, food packaging, personal protective equipment and filtration
systems for water purification. The applied functionalization of fibrous materials by
non-covalent enzyme-polyelectrolyte nanocomplex His6-OPH/PLE50 generally refers this
research to the number of advanced developments in the field of fibrous materials. This
approach takes into account the achievements in the field of bioinformatics and biocatalysis,
since the “partners” (His6-OPH and PLE50) for such complexes are selected as a result of
computer modeling [8].

2. Materials and Methods
2.1. Materials

Nanofibrillar BC was produced using immobilized Komagataeibacter xylinum B-12429
cells as it was previously described [18]. Briefly, a bacterial biomass was grown in a Hestrin-
Schramm nutrient broth (pH 5.6) containing a 20 g/L of fructose, 5 g/L of yeast extract,
5 g/L of tryptone, 2.7 g/L of K2HPO4, 0.5 g/L of MgSO4, and 1.15 g/L of citric acid at
28 ◦C for 19 h and 180 rpm. Then, biomass was centrifuged (10,000× g, 10 min) in Avanti
J25 (Beckman, Brea, CA, USA), mixed with 12 wt.% poly(vinyl alcohol) in a dosage of
30 wt.%, pelleted and frozen at −20 ◦C. Next, 50 g/L of immobilized biocatalyst was placed
in the same media (pH 7.0) and maintained under static conditions at 28 ◦C for 6 days.
BC was separated from the medium, washed with 1 M of NaOH and then with water to
remove all cell and protein residues. BC samples were dried under sterile conditions at
room temperature overnight.

A nonwoven fiber material (FM) consisting of 70% viscose and 30% polyester was
purchased locally and used as is. The 24-h water vapor transmission rate through it
(367 g/m2) was measured according to ISO 2528:2017. The mass per area, measured
according to ISO 3801:1977, was 32.4 ± 4.5 g/m2 and reported recently [14].

Polylactide fiber materials were obtained from Ahlstrom-Munksjö (Helsinki, Finland),
had different mass per area being equal to 23.5 ± 0.2 and 17.6 ± 1.4 g/m2 and were marked
as PLA(S) and PLA(B), respectively. Poly(4-hydroxybutyrate) (PHB) with molar weight
of ca. 500 kg/mol was a kindly gift from Metabolix GmbH (Cologne, Germany). Poly-ε-
caprolactone (PCL) for modeling was obtained locally (Polymorphous, Moscow, Russia).

A patented method [28] was used to produce His6-OPH with recombinant Escherichia
coli SG13009[pREP4] (Qiagen, Hilden, Germany). Briefly, cells were transformed by plasmid
pTES-His-OPH, and the overnight cell culture was grown at 30 ◦C in a Luria–Bertani (LB)
medium broth containing a 5 g/L of yeast extract, 10 g/L of tryptone and 10 g/L of NaCl
and supplemented with a 100 mg/L of ampicillin and 25 mg/L of kanamycin. Then, cells
were seeded to the rich medium containing 24 g/L of yeast extract, 12 g/L of tryptone,
4 g/L of glycerin, 6.95 g/L of KH2PO4, 12.54 g/L of K2HPO4 × 3H2O and 237 mg/L of
CoCl2 × 6H2O, and biosynthesis of His6-OPH was induced by addition of 0.25 mM of
isopropyl-β-D-thiogalactoside (Fermentas, Vilnius, Lithuania). The cells were cultivated
using a thermostatically controlled Adolf Kuhner AG shaker (Basel, Switzerland) with
stirring of 180 rpm at 30 ◦C for 20 h and harvested at 8000× g for 20 min. Cell biomass was
suspended in 50 mL of 50 mM K-phosphate buffer containing 0.3 M NaCl (pH 7.5) and
homogenized by sonication on ice. Cell debris was removed by centrifugation (15,000× g,
30 min).
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His6-OPH was purified using Ni-NTA agarose (Sigma-Aldrich, Darmstadt, Germany)
by the published procedure [29]. Briefly, cell supernatant was loaded onto a column
equilibrated with a 50 mM K-phosphate buffer (pH 7.5). The column was washed with the
same buffer followed by buffer containing 10 mM imidazole until OD280 became less than
0.01. The protein fractions obtained after elution in linear imidazole gradient (0–500 mM)
were dialyzed overnight against 50 mM K-phosphate buffer (pH 7.5) followed by the same
buffer containing 50 µM CoCl2.

According to the published methods [30], to determine His6-OPH concentration, a
Bradford assay was performed with Coomassie Brilliant Blue G-250 dye and bovine serum
albumin (Sigma-Aldrich) for calibration curve. To analyze protein purity, denaturing
electrophoresis with sodium dodecyl sulfate was carried out in a 12% polyacrylamide gel
using a Mini-PROTEAN II cell (Bio-Rad, Hercules, CA, USA) and Coomassie Brilliant Blue
R-250 (Sigma-Aldrich) staining, and it was ca. 98.5 ± 0.5%.

Non-covalent EPCs of His6-OPH with poly(L-glutamic acid) (PLE50) (Alamanda Poly-
mers, Huntsville, AL, USA) were obtained as it was described previously [8,9] by ordinary
mixing of enzyme with polymer solution at a molar ratio of 1:1. Further, they were labeled
His6-OPH/PLE50 in the text.

Ta NPs in ethanol were obtained in a plasma electric arc discharge as published
previously [14,27]. The size of individual NPs determined using a transmission electron
microscope LEO 912 AB OMEGA (Carl Zeiss, Oberkochen, Germany) with energy filter
and Keller system was 1–3 nm. Concentration of Ta NPs (by metal) preliminarily dissolved
in HNO3 and analyzed using an atomic-emission spectrometer iCAP 6300 Radial View
(Thermo Fisher Scientific Inc., Waltham, MA, USA) with inductively coupled plasma was
18.3 mg/mL.

2.2. Functionalization of Composite Materials

To obtain composite materials, initially, granules of PCL and PHB were grinded at
room temperature. Then, 0.22–0.24 g of their powder was evenly placed onto BC or FM
(3 × 3 cm) and wrapped in aluminum foil. After that, samples were loaded under press
during 3–5 min at 140–150 and 180–200 ◦C for PCL and PHB, respectively. Samples with
PHB were further annealed for 5 min at 180 ◦C in air oven.

To combine BC and polylactide fiber materials, their samples (4 × 4 cm) were layered
and as previously put under pressure during 3–5 min at 150–160 ◦C. Before further use, all
materials were cut into square samples 1 × 1 cm.

A 50-µL volume of 18.3 mg/L Ta NPs in ethanol were loaded onto material (1 × 1 cm)
dropwise as described previously [27] and dried at a room temperature.

To load His6-OPH/PLE50 nanocomplexes onto materials, the previously published
general procedure [17] was used with minor modifications. To wit, a 10-µL volume of
50 µg/mL His6-OPH/PLE50 in a PBS buffer (pH 7.4) was dropped onto samples (1 × 1 cm)
and dried for 20–24 h at +8 ◦C under sterile conditions.

To perform the scanning electron microscopy (SEM) analysis of the fiber materials, the
samples were freeze-dried with a Freeze Dry System (Labconco, Kansas City, MO, USA),
then sectioned, sputtered with gold and studied at various magnifications with a Supra
40-30-87 microscope (Carl Zeiss, Oberkochen, Germany).

2.3. Estimation of Antibacterial Activity of Modified Fibers

To analyze the antibacterial activity of composite materials, the previously published
procedure [17,27] was applied. The Gram-negative bacterial cells of Escherichia coli DH5α
(Thermo Fisher Scientific, Waltham, MA, USA) and Gram-positive bacterial cells of Bacillus
subtilis B-522 (All-Russian Collection of Microorganisms, Moscow, Russia) were used.
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Briefly, the cells were aerobically cultivated in an LB broth at 28 ◦C and 180 rpm
overnight. Then, cells were separated (8000× g, 10 min) and suspended in a sterile 0.9%
NaCl solution. A 50-µL volume of cell suspension of (1 ± 0.5) × 106 cells/mL, monitored
using an Agilent UV-8453 spectroscopy system (Agilent Technology, Waldbronn, Germany)
at 540 nm, was loaded onto the fiber samples. After 24 h of exposure, samples were placed
in 1 mL of DMSO and gently stirred for 1 h.

The residual concentration of ATP in the extract was analyzed using a standard
luciferin–luciferase method. ATP reagent (Lyumtek OOO, Moscow, Russia) was applied for
the estimation of antibacterial activity of composite materials by known protocol [31,32].

Briefly, the intensity of bioluminescence produced in the ATP-dependent reaction was
measured with a Microluminometer 3560 (New Horizons Diagnostic, Arbutus, MD, USA).
A sample was diluted 10 times with distilled water, and a 50-µL volume of diluted sample
was added into cuvette with a 50-µL volume of luciferin–luciferase reagent. Measured
luminescence intensity was converted into ATP concentration using a calibration curve for
standard ATP solutions (0.0001–100 nM). The residual concentrations of living cells in the
fiber materials were calculated using both data of measured ATP concentrations and the
calibration curves on colony-forming units (CFU). The experiments were undertaken no
less than in triplicate.

2.4. Enzymatic Activity of Composit Fibrous Materials

Samples of fibrous materials modified by His6-OPH/PLE50 were put in a stirred vessel
containing a 1.8 mL of Na-carbonate buffer (pH 10.5). Then, a 0.2-mL volume of 10 mM
paraoxon (Sigma-Aldrich) in water solution was added as a substrate, and the kinetics of
4-nitrophenol accumulation in the reaction medium was determined for 5 min by sampling
a 0.1-mL volume of the medium, diluting it by a 0.9-mL volume of the same buffer and
measuring OD with an Agilent UV-8453 at 405 nm. After that, a reaction medium was
decanted, and samples were gently washed once with 2 mL of the same buffer before further
use. Similar samples of fiber materials without enzyme were concurrently investigated and
used as negative controls.

Enzymatic activity of modified fiber materials was calculated using the initial linear
parts of kinetic curves (Vo = tg α). One unit of enzyme activity (OPH activity) was defined
as the quantity of the enzyme necessary to hydrolyze 1 µmol of paraoxon per min at 25 ◦C.

3. Results
3.1. Structure of Composite Fiber Materials with PCL and PHB

Obtained samples were examined by SEM method (Figure 1). Both PCL and PHB
formed almost smooth films on the surface of all fibrous materials under applied condi-
tions. An even smoother surface can be obtained by introducing a polymer in a solvent
with subsequent removal of the latter [33]. However, many fibrous materials can be also
dissolved in this solvent and lose their structure, and therefore, this method is only partially
applicable, e.g., to inert fibers.

Being more refractory, PHB almost did not penetrate through the fibrous support. At
the same time, PCL freely passed through (micro)porous matrices, and was also sequestered
by the nanoporous matrix of BC.

The aggregates of Ta NPs can be visualized on the surface of different composite
samples (Figure 1). However, the distribution of NPs was not as good in the case of PHB
modification as it was in the case of PCL. The accumulation of some clusters with enriched
amounts of NPs can be observed in some localizations. That can negatively affect the
antimicrobial activity of modified composite material.
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Figure 1. (A) SEM images of PLA(S). (B) SEM of FM modified by PCL. (C) SEM of BC modified
by PCL. (D) SEM of BC modified by PCL and functionalized by Ta NPs in ethanol. (E) SEM of BC
modified by PHB. (F) SEM of BC modified by PHB and functionalized by Ta NPs in ethanol.

3.2. Funcional Characteristics of Composite Fiber Materials

Initially, EPC of His6-OPH/PLE50 was applied to the composites, and enzymatic
activity of modified materials was determined (Figure 2). The greatest activity (up to 70%
of the initial one) was demonstrated by composite materials based on FM coated with PHB
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or PCL. Slightly lower activity (less than 45% of the initial level) was possessed by samples
of denser PLA material and BC coated with PHB or PCL. However, with repeated use of
the same material samples, the maximum preservation of OPH activity (more than 30%)
was revealed in BC modified by PHB. Thus, this variant of composite material was of the
greatest interest for combination with nanocomplexes of His6-OPH.
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Figure 2. (A) OPH activity of composite materials based on polylactide fiber (PLA(S), PLA(B)), BC
and FM modified with PLA(S), PLA(B), PCL or PHB and then functionalized by His6-OPH/PLE50.
Enzyme activity deposited onto samples was accepted as 100%. (B) Residual OPH activity of the
same samples after their single use and washing. Enzyme activity in the first working cycle was
accepted as 100%.

Antibacterial activity of composite materials modified by Ta NPs was issued using
Gram-negative (E. coli) and Gram-positive (Bacillus subtilis) bacterial cells (Figure 3). Both
strains had higher survivability on the PCL-based composites without Ta NPs as compared
to previously investigated material [27].
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Figure 3. Antibacterial activity of composite fiber materials modified with PCL or PHB and func-
tionalized with or without Ta NPs toward E. coli (A) and Bacillus subtilis (B) bacterial cells. It was
estimated via analysis of residual intracellular ATP concentration in bacteria exposed onto composites
for 24 h. Previously investigated fiber material [27] (labeled as “Frolov et al.”) was issued under
the same conditions, and samples with statistically significant differences compared to reference
material (one-way ANOVA with Holm-Sidak multiple comparison test, p < 0.05) were marked with
an asterisk.
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Modification by Ta NPs resulted in notable bacterial death, especially in the case of
E. coli cells (up to 9-fold), with the levels being lower or comparable to material [27]. Com-
posites with PHB alone had even better antibacterial activity as compared to material [27].
Application of Ta NPs led to synergetic effects with PHB and up to 4-fold harder bacterial
elimination as compared to material [27].

Interestingly, composite of FM with PHB possessed the highest initial enzymatic
activity among other fiber samples (Figure 2A), but it appeared to be non-reusable since
only 5% of residual activity was revealed for it after single use.

4. Discussion

Introduction of novel antimicrobial nanomaterials differing from silver, zinc, copper,
titanium, iron, etc. widely implemented in various studies is highly relevant since it allows
flexibly counteracting urgent challenges rising in the face of humankind. Two main groups
of antimicrobial mechanisms of nanomaterial action are generally accepted to be oxidative
and non-oxidative [34]. The first one is associated with reactive oxygen species (ROS)
generated onto nanomaterials and damaging the biochemical machinery of living cells.
Non-oxidative mechanisms include multiple routes and predominantly damage to the
cell envelope. Ta NPs used in the work are unlikely to generate ROS and thus may be
interesting for application. From this standpoint, the current work is a logical extension of
previous studies implementing Ta NPs as major antibacterial agents [14,27].

Multiple composite fiber materials are known to date, among which the most recent
ones applying composite nanofibers of PLA, PCL and cotton [35] should be noted. However,
the antibacterial activity of such composites en masse is still determined indirectly, and
thus it is impossible to exactly compare them with the results of the current work. As
compared to the previous work of the same methodology [27], composite structure of
fiber materials resulted in improved antibacterial activity, especially when combined with
PHB. Interestingly, composites with PHB better retained nanocomplexes His6-OPH/PLE50
in single- or multiple-use regimes. This means that such PHB composites have a great
potential for combined deposition of enzymes and nanomaterials via the methodology
described previously [14].

Noteworthily, composites with PLA obtained via thermo-impregnation had a poor
sorption capacity and undetectable retention of nanocomplexes His6-OPH/PLE50. Nanopar-
ticles having comparable sizes with His6-OPH/PLE50 will also be likely to be eluted. This
is good for single-use materials releasing antibacterials into a medium. However, this is
inapplicable for obtaining stable fiber materials in the long term suggested in the current
work. Activation of polymer fibers and/or other additional modifications to the method
will be required in the following work(s).

Thus, the combination of fiber materials with biodegradable polymers was shown
in this work to allow multiplying both the number of possible final composite options
and the range of their characteristics. Functionalization of these composites by metal-
containing NPs or nanoscale EPC of His6-OPH that is capable of destroying not only
bacterial QS-signaling molecules in a highly efficient manner [10,17,36], but can catalyze the
hydrolysis of different toxic organophosphorus compounds [7,37,38] and mycotoxins [39],
results in obtaining not just antibacterial, but also multifunctional, materials ready to show
detoxifying abilities in relation to various toxic substances.

5. Conclusions

Thus, novel samples of composite fiber materials with antibacterial activity were
demonstrated. Modern methods of nanotechnology and biotechnology were combined to
obtain highly effective composite fiber materials. The prospectively suggested approach
to the creation of fibrous composite versions may make it possible to widely expand
the spectrum of the enzymes and nanomaterials that can be introduced to the materials,
giving them useful features. Such new protective composite antibacterial materials may be
attractive for possible various industrial applications as replaceable elements of membrane
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(bio) reactors, tourist equipment, fiber products for pets, construction finishing materials
and protective clothing for agricultural workers.
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