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Abstract: To date, biochar bacteriostatic material has attracted much attention from researchers.
The compact porous structure of fish-scale biochar provides good application prospects. In this
study, silver-carrying biochar—polyvinyl alcohol-alginate gel beads (C/PVA/SA) were designed for
suppressing bacteria. The biochar was loaded with nano silver particles as the filler, alginate as the
substrate, and polyvinyl alcohol (PVA) as the additive to enhance the mechanical properties. The
composite gel beads were characterized using Fourier-transform infrared spectrometry (FI-IR). The
results indicated that adjusting the PVA concentration could retain the bacteriostatic performance
of the gel beads in different pH value solutions. It was found that C/PVA/SA gel beads had a
strong inhibitory effect on Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa. After
ten consecutive antibacterial tests, the antibacterial rate remained high (above 99%) for 15 days. The
adhesive effect of SA and PVA resulted in a tight spatial structure of the gel beads. The C/PVA/SA
gel composition could effectively prevent water loss and enhance the shrinkage ability of the gel
beads. The good degradation performance of C/PVA/SA was also in line with the concept of
environmental protection. In general, the C/PVA/SA gel beads showed high potential for application
in the treatment of microbial contamination and environmental protection.
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1. Introduction

With accelerated industrial production and complex life activity, microbial pollution
arises frequently and severely, which could seriously endanger human health [1]. Polluted
water can become a medium for spreading diseases and pose a severe threat to human
health [2]. It is crucial to treat drinking water with safe bacteriostatic materials with an
efficient approach [3]. Considering the different water qualities, it is urgent to prepare
a bacteriostatic material that can adapt to a series of water conditions and has good
bacteriostatic properties. Biochar is a readily available and cheap biobased material, which
is extensively utilized as a carrier of nano-metal ions in the antibacterial field [4]. Fish are
reported to produce large amounts of waste during processing, with about 80 million tons of
fish waste annually produced globally [5]. Fish scales are rich in protein, calcium, collagen,
fat, and minerals. However, the disposal of fish scale waste generates high chemical and
biological oxygen demand and contains some pathogenic bacteria that pose an obvious
environmental hazard [6]. It is of great interest to prepare the porous surface structure of
fish-scale biochar. It is well known that silver is often utilized in antibacterial composites
because of its broad spectrum and good durability [7]. Silver nanoparticles (AgNPs) have
been found to have high antibacterial properties [8], which can damage cell membranes
through the exchange of negative and positive charges, resulting in material leakage in
the cell [9]. Biochar-based composite-loaded silver has good antibacterial properties [10].

Processes 2023, 11, 2330. https:/ /doi.org/10.3390/pr11082330 https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr11082330
https://doi.org/10.3390/pr11082330
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-7905-4217
https://doi.org/10.3390/pr11082330
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr11082330?type=check_update&version=1

Processes 2023, 11, 2330

20f17

However, the small particle size of silver-carrying biochar is not easy to recycle, resulting
in material loss. The preparation of antibacterial composite materials with ease of use and
rapid recovery has gained more and more attention.

Sodium alginate (SA) is a by-product of iodine and mannitol extracted from some
brown algae [11]. It is one kind of polysaccharide that can form a hydrogel network
with most divalent metal ions [12]. SA is widely utilized to immobilize bacteria, due
to its sole hydrogel network properties [13]. Recently, alginate saline gel beads have
gained considerable interest in the adsorption process because of their rich mesoporous
and macroscopic structures, which can be processed into desirable sizes and shapes [14].
However, alginate—saline gel beads have poor mechanical properties [15], which limits their
application. Thus, it is necessary to supplement organic or inorganic fillers into the gel bead
preparation system, modify their physicochemical properties, enhance their mechanical
strength, and adapt the bead materials to various performance environments. Polyvinyl
alcohol (PVA) is a eco-friendly, water-soluble, biodegradable, non-toxic, and biocompatible
biopolymer gel [16]. It is an important chemical raw material for manufacturing emulsifiers,
coatings, and adhesives. PVA has a hydrophilic property and is also often utilized as a
support for the immobilization of bacteria [17]. However, the immobilized materials with
PVA as the main component cannot be repeatedly reused for a long performance time [18].
PVA and SA can generate stable immobilized carriers via an adhesive interaction [19]. After
SA and PVA are immersed in water, the alginate anion formed by electrolysis can attach to
the PVA surface. After the SA/PVA composite solution is immersed in a CaCl, solution,
the Ca* may attract the alginate anion via electrostatic interaction and develop SA/PVA
gel beads [20]. The pores inside the SA/PVA gel beads are dense, and the biological
silver-loaded carbon particles can be more easily loaded on the adhesive structure. The
internal network structure of PVA/SA gel beads, which have high mechanical strength
and chemostability after crosslinking, provides a carrier for antibacterial silver-containing
biochar in water [21].

In this work, C/PVA/SA gel beads were prepared using silver-loaded fish-scale
biochar as the filler, SA as the carrier, and PVA as the reinforcer. The silver-loaded fish-
scale biochar was denoted as C-Ag. The preparation of the C-Ag not only developed a
new bacteriostatic material but also created a new idea for the reuse of fish-scale waste.
The encapsulation structure of gel beads could solve the problems of the separation and
recovery of silver-loaded biochar [22]. The C/PVA/SA gel beads had strong stability, a
high swelling performance, a small volume after preparation, and maintained excellent
antibacterial performance for a long time, which was convenient for the preparation and
storage of the material. C/PVA/SA gel beads could enhance the versatility and portability
of antibacterial materials. The antibacterial properties of prepared gel beads against E. coli,
S. aureus, P. aeruginosa, and the silver-loaded fish-scale biochar antibacterial mechanisms
were tested. Furthermore, the reusability, days of stability, and antibacterial effect of gel
beads at different pH were examined. Moreover, the influences of PVA and SA adhesiveness
on the gel bead swelling, water loss rate, shrinkage rate, and degradation ability of the gel
beads were measured. Overall, this work focused on exploring the antibacterial ability and
universality of antibacterial gel beads, which show potential application in the treatment of
microbial contamination and environmental protection.

2. Materials and Methods
2.1. Chemicals and Bacteria

All the reagents used in this study were of analytical grade. Polyvinyl alcohol
(PVA > 98.0%), sodium alginate (SA), calcium chloride (CaCl, > 99.8%), silver nitrate
(AgNO3 > 99.8%), sodium chloride (NaCl > 99.5%), and the trisodium citrate diaqueous
mixture (CgHsNazO7-2H,0 > 99.0%) were bought from Runyou Reagents Co., (Changzhou,
China). Yeast powder, tryptone, and agar were obtained from Oxoid (Shanghai, China).
The waste fish scales were from a local market in Nanjing, China. E. coli ATCC 25922,
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P. aeruginosa ATCC 9027, and S. aureus ATCC 6538 were bought from the Microbiology
Institute of Shanghai (China).

2.2. Preparation of C-Ag

The C-Ag preparation is displayed in Figure 1. The treated and dried fish scales were
calcined in a mulffle furnace (300 °C) for 120 min. Then, 5.0 g of carbonized fish scale
powder was added into 100 mL of silver nitrate (0.50 g/L) solution by stirring for 120 min.
Trisodium citrate (0.20 g) was added to the above solution to reduce the silver ions and
soaked for 1 day; filtered, and dried. Subsequently, the material was placed in a muffle
furnace, which was gradually heated to the designed temperature (250 °C) at a heating
speed of 10 °C per minute, and maintained at a high temperature for 120 min. Finally, the
C-Ag composite was extracted and milled into powder [23].
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Na;C¢H50,.2H,0 400 rpm 24 h 250°C 2h C-Ag

Figure 1. The scheme for preparing C-Ag.

2.3. Preparation of SA/PVA/C-Ag Gel Beads

A 2% SA solution and a 4% PVA solution were prepared, and 2.0 g/L of silver-loaded
carbon was added to the 2% SA solution, stirred evenly, sonicated, and left to stand for
defoaming. Subsequently, the SA /PVA/C-Ag solution was drawn up into a syringe, and
dropped into 45 mL of 10% CaCl, solution. The mixture was placed in a refrigerator at 4 °C
for 12 h, then washed with deionized water many times. Finally, it was dried at 50 °C in a
vacuum drying oven to produce the SA/PVA/C-Ag gel beads.

2.4. Characterization of SA/PVA/C-Ag Gel Beads

A Fourier-transform infrared spectrometer (FT-IR) (Nicolet iS50, Thermo Scientific Co.,
Waltham, MA, USA) in the range of 500-4000 cm~! was utilized to analyze the SA/PVA /C-
Ag gel beads.

2.5. Antibacterial Testing

E. coli ATCC 25922, S. aureus 6538, and P. aeruginosa 9024 were utilized to test the
antibacterial ability of the antibacterial materials. All the glassware used in the antibacterial
experiments was sterilized by autoclaving (121 °C, 20 min). The antibacterial activity of the
materials against the bacteria was determined with plate counts, and the good diffusion
method was employed to evaluate the antibacterial effect. The bacterial suspension (100 uL)
was coated on an agar LB solid medium, and the hole was 9 mm [24]. An amount of 0.10 g
of SA/PVA/C-Ag gel beads was added to the well and incubated at 37 °C for 1 day, and
the inhibition of the growth of bacteria around the material was measured [25]. All the
experiments were performed in triplicate and then averaged.

The antibacterial rate (AR) was defined as below:

A0 — Al
— X

1
A0 00

Antibacterial rate(%) =
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where AOQ is the number of initial colonies, and A1l is the number of colonies treated with
the SA/PVA /C-Ag gel beads.

2.6. The Materials and C-Ag Dosage Optimization of the SA/PVA/C-Ag Gel Beads

The gel beads synthesized with SA and PVA were denoted as S/P. The SA gel bead
loading C-Ag was denoted as S/A. Various loadings of C-Ag were fixed on PVA and SA
gel beads denoted as S/P/A (A content: 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2%). The inhibition of
microbial growth was measured by the good diffusion method to assay the best material
combination and C-Ag concentration. To ensure the accuracy of the experiment, three sets
of parallel samples were made, and the recorded data were averaged.

2.7. The Dosage and Time Optimization of the SA/PVA/C-Ag Gel Beads

To test the antibacterial effect of the composite at different doses and times, optimiza-
tion experiments were carried out with E. coli, S. aureus, and P. aeruginosa as the experimental
objects. The initial concentration of the bacterial suspension was 108 CFU/mL [26]. The
dosage of the composites was 0.5, 1.0, 1.5, 2.0, 2.5, and 3 g/L. The antibacterial materials
were blended with the bacterial suspensions and incubated in a 37 °C thermostatic con-
tainer. After 1, 3, 5,7, and 9 h, 0.10 mL of the suspension was used to test the antibacterial
abilities of the antibacterial materials by plate counting. The experiment was repeated three
times to ensure the reliability of the experiment.

2.8. Antibacterial Reusability and Stability

The reusability of SA/PVA/C-Ag gel beads is an important factor in practical ap-
plications [27]. The antibacterial tests of three kinds of bacteria (E. coli, S. aureus, and
P. aeruginosa) were performed separately in water. The SA/PVA/C-Ag gel bead was re-
moved and washed with deionized water for the next cycle of experiments. The composites
were repeatedly used 10 times. Then, the gel bead’s bacteriostatic performance was eval-
uated. After ten iterations of antibacterial tests, the antibacterial motive of the gel beads
against the three kinds of bacteria was above 90%.

The stability of SA/PVA /C-Ag gel beads is another factor in daily bacteriostasis [11].
A batch of SA/PVA/C-Ag gel beads were prepared and left at room temperature. The
antibacterial performance was tested on days 1, 3, 5,7, 9, 11, 13, and 15. The antibacterial
gel beads maintained >99% antibacterial performance during the 15 days of testing. A
good antibacterial effect under different pH conditions is indicative of a wide application
potential of antibacterial materials [28]. The gel beads were left overnight in a PBS solution
atpH3,5,7,9, and 11 and subsequently removed for an evaluation of antibacterial proper-
ties. The antibacterial test results displayed that the gel beads had excellent antibacterial
performance in different water environments. All the experiments were performed in
triplicate and then averaged.

2.9. Swelling Ratio of SA/PVA/C-Ag Gel Beads

The swelling rate of antibacterial materials used in water is one of the most important
indicators of their properties [29]. Ten dry SA/PVA/C-Ag gel bead particles were prepared
in advance with different PVA concentrations (2, 4, 6, 8, 10, and 12%) and weighed. The
gel beads were placed in deionized water and removed from the water every hour. The
surface water was wiped off with filter paper, and then the quality data were measured
and recorded.

A good antibacterial effect of antibacterial materials in different pH solutions is also
one of the important factors for practical application [30]. Ten SA/PVA (4%)/C-Ag gel
beads were dried and weighed. Then, the gel beads were placed in a solution with different
pH concentrations, and removed from the water every 60 min; the surface water was
wiped off, the mass was measured, and the data were recorded. The above experiment was
repeated three times to ensure the reliability of the data.
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The expansion ratio (ER) formula was defined as below:

M1 - MO
— X

ER(%) =~ 15

100

where M1 is the mass of the pellet at some point, and MO is the mass of the initial dry pellet.

2.10. Morphological Properties, Water Loss, and Shrinkage of SA/PVA/C-Ag Gel Beads

The gel beads prepared with different materials were dried, and the diameter of the
gel beads was measured with a vernier caliper. Then, the microstructure of the four gel
beads was observed using a mobile phone camera (HUAWEI P50 PRO, HUAWEI Inc.,
Shenzhen, China).

Gel beads with different PVA concentrations (2, 4, 6, 8, 10, and 12%) were prepared
and left for later use. Five gel beads with different PVA concentrations were taken out and
dried. They were put into the oven at 80 °C for 1, 2, 3,4, 5, 6, 8, 10, 20, and 30 min, and then
taken out and weighed, and the mass loss was recorded [31]. The effect of the PVA on the
water loss rate of the gel beads was observed. The experiment was repeated three times as
the PVA concentration increased and the water loss rate decreased.

The water loss ratio (WLR) formula was as below:

o\ WO—W1
WLR(%) = —wo = 100
where W1 is the mass of the gel beads at some point, and WO is the mass of the initial
gel beads.

Gel solutions with different PVA concentrations were dropped into a CaCl, solution,
and the slice shrinkage rate of the gel beads was determined at 2, 4, 6, 8, 10, 20, and
30 min [32]. Five gel beads with different PVA concentrations were obtained from the
CaCl; solution and washed with distilled water. After surface drying, the long half-axis
(rlmax) and small half-axis (rlmin) of the gel beads were assayed with a digital vernier
caliper, and the cross-sectional area (Als = rlmax X rlmin) was calculated. The major
half-axis (rOmax) and minor half-axis (rOmin) of the gel beads were assayed after 1 min of
gelation, and the cross-sectional area (A0s = rOmax x rOmin) was measured. In this work,
the cross-sectional shrinkage rate of the sample during the gelation process was compared
with the cross-sectional area of the sample after 60 s of gelation. The experimental data
were recorded, and the experiment was repeated three times.

The section shrinkage rate (SSR) formula was as below:

AQs — Als 3.14 x rOmax X rOmin — 3.14 x rlmax X rlmin
SSR (%) = = 100
(%) AOs 3.14 x rOmax X rOmin %

2.11. Degradation of SA/PVA/C-Ag Gel Beads

The degradation performance of antibacterial materials is an indicator of the environ-
mental protection performance of materials [33]. The prepared SA/PVA/C-Ag gel beads
were buried in natural soil without any enzymatic activity, and the relatively mild tempera-
ture was maintained at 30 °C and 80% humidity. Samples of the same mass were removed
every 5 days, and the gel beads were rinsed with water to remove dirt from the sample.
The morphological characteristics of the gel beads were photographed and recorded. After
drying, the weight before and after burial was assayed in a constant temperature drying
oven as data for the biodegradability assessment. Three sets of parallel samples were made,
and the data were recorded and averaged.

The degradation rate (DR) formula was as below:

W1 -W2
—— X

DR(%) = ——

100

where W1 and W2 are the weight of the sample before and after being buried.
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3. Result and Discussion
3.1. Characterization of SA/PVA/C-Ag Gel Bead Composite
Fourier-Transform Infrared (FI-IR) Spectrometry Analysis

The FT-IR spectra of the SA gel beads, the SA/C-Ag gel beads, the SA/PVA gel
beads, and the SA/PVA/C-Ag gel beads are displayed in Figure 2. The enhanced peak
at 3437 cm~! was attributed to the generation of hydrogen bonds between the biochar
and the -OH group of the PVA matrix [34]. The peaks at about 2972 cm ! and 1433 cm ™!
corresponded to the C-H tensile and bending vibrations [26]. The asymmetric and sym-
metric carboxylate stretched nearly 1631 cm~! and 1388 cm ™!, indicating that PVA and
SA interact through hydrogen bonds [35]. The characteristic peak at 1599 cm~! belonged
to the N-H tensile vibration. The C-C stretching vibration absorption peak was located at
1353 cm ™! [22]. The characteristic peaks at 1077 em~ ! and 1020 cm ™! corresponded to the
vibrational frequencies of C-N/O and C-O-C [36]. The absorption peak of the C-H bending
vibration existed at 770 cm~!. The absorption peak generated by the rotation of the -OH
was located at 615 cm 1 [10].

15991077 615
-

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'l)

Figure 2. FT-IR spectra of SA gel beads, SA/C-Ag gel beads, SA/PVA gel beads, and SA/PVA/C-Ag
gel beads.

3.2. Antibacterial Properties
3.2.1. Effect of the Materials and C-Ag Dosage

The materials used to prepare the gel beads and the loading of antibacterial substances
may affect the bacteriostatic effectiveness [37]. Through SEM analysis of C-Ag, silver
nanoparticles were successfully prepared and attached to the surface of fish-scale biochar
(Figure Sla,b). Figure 3a displays that the gel beads formed by PVA and SA had no
antibacterial effect. Tetracycline had the most obvious inhibitory effect on bacteria. The
antibacterial effect of the gel beads prepared with the same dose of silver-loaded carbon
was obvious by the PVA added. PVA is a water-soluble polymer material that plays the role
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of hydrophobic swelling [38]. Silver ions are released through the PVA adhesive structure
to inhibit bacteria [39]. With the increase of silver-loaded carbon, the gel beads liberated
more Ag*, and the antibacterial effect reached its peak at the dose of 1.0 g/L (Figure 3b). An
analysis of variance (ANOVA) was used to assess and identify the significant factors (the
effect of silver ion concentration on bacteriostasis). The SA/PVA/C-Ag gel beads loaded
with silver—carbon played a bacteriostatic effect, and the PVA provided a release channel
for the silver ions, forming a synergistic bacteriostatic effect.
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Figure 3. Antibacterial effects of gel beads prepared from different materials and antibacterial effects
of tetracycline (a). Antibacterial effects of gel beads containing different dosages of silver-loaded
carbon (C-Ag: 0.2,0.4,0.6,0.8,1.0, and 1.2 g/L) (b). +++ no antibacterial effect.

3.2.2. The Dosage and Time Optimization of the SA/PVA/C-Ag Gel Beads

The dosage and action time of antibacterial materials are important indexes to evaluate
the practical application of antibacterial materials. With an increase in material dose and
release time, the antibacterial effect could be enhanced [40]. With the increase in SA/PVA/C-
Ag gel bead dosage and antibacterial time, the antibacterial effect had a significant change
(Figure 4). The SA/PVA/C-Ag gel beads had an obvious inhibitory influence on the growth
of E. coli (Figure 4a). At the time points of 1 h and 3 h, the effects of increasing the dose of
SA/PVA/C-Ag gel beads were greatly improved. At 9 h, the inhibition rate reached over
95%. The increase in gel bead dosage did not promote the antibacterial effect. Many studies
have used E. coli as the standard strain [41]. The antibacterial effect of 0.80 g/L antibacterial
materials reached 90% within 7 h [26]. The gel bead dosage of 0.50 g/L could achieve above
a 90% inhibition rate within 7 h. And the silver-loaded carbon content of the gel beads was
lower, which played the role of decreasing the cost and maximizing the effect.

S. aureus is a common foodborne pathogenic microorganism of Gram-positive bacte-
ria [42]. The inhibition rate of S. aureus was 95% in some bacterial materials targeted at
inhibiting S. aureus [43]. In this work, the gel bead dosage was 3 g/L, the inhibition time
was 9 h, and the inhibition rate was over 95% (Figure 4b). The bacteriostatic effect was
improved greatly with the increase in bacteriostatic time when the gel bead dose was low.
According to the antibacterial results, the SA/PVA /C-Ag gel beads had a good inhibitory
effect on S. aureus.

In the antibacterial tests, the SA/PVA/C-Ag gel beads had a clear inhibitory effect
on P. geruginosa. P. aeruginosa is one of the most common bacteria in the world [44]. It
has strong resistance and good adaptability to natural antibacterial materials [45]. In the
bacteriostatic experiment over 60 min, the bacteriostatic rate was over 90% when the gel
bead dose was 0.50 g/L. With the increase in the dosage of antibacterial materials, the
inhibition rate was raised (Figure 4c). The bacteriostatic time reached more than 180 min,
and the bacteriostatic rate of the minimum dose of bacteriostatic material reached >99%.
The inhibitory effect of the material on bacteria no longer increased obviously with the
increase in dosage.
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Figure 4. Antibacterial rate images of the SA/PVA /C-Ag gel beads on bacteria E. coli (a), S. aureus
(b), and P. aeruginosa (c) at different material dosages and release times.

The antibacterial test results displayed that the SA/PVA /C-Ag gel beads had a clear
inhibitory effect on both Gram-negative and Gram-positive bacteria. The results indicated
that the gel beads had strong bactericidal performance in water with a small dosage. The
composite material had great potential in water applications.

3.2.3. Antibacterial Reusability and Stability of SA/PVA /C-Ag Gel Beads

The performance stability and reusability of antibacterial materials are key elements
in practical antibacterial applications [22]. A long storage time of antibacterial materials
and a high inhibition rate after multiple antibacterial tests will reduce the application cost.
Figure 5 indicates that the SA/PVA/C-Ag gel beads had stable antibacterial performance
and good reusability in different environments. Within 15 days of the gel bead preparation,
the inhibition effect on E. coli and P. aeruginosa reached 100%. The effect against S. aureus
decreased slightly, with an inhibition rate of >98.5% (Figure 5a). In some stability tests
of bacteriostatic materials, when the completion time was 15 days, the bacteriostatic rate
declined to 90% [26]. As revealed in Figure 5b, from the repeated inhibition test of E. coli
and P. aeruginosa, the gel beads had an obvious inhibition effect on bacterial growth, with an
inhibition rate of 97%. When the second antibacterial test in water was over, the antibacterial
effect of the gel bead composite material began to drop slightly. When the experiment was
completed for the 10" time, the inhibitory effect of the bacteriostatic materials on bacterial
growth was weakened clearly, and the bacteriostatic rate reached about 90%. Natural
antibacterial materials were generally not durable, and the antibacterial effect would be
weakened after repeating the test 5 times [46].
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Figure 5. Antibacterial effect images of SA/PVA/C-Ag gel beads prepared on different days (a),
repetitive antibacterial properties (b), and different pH solutions (c).

When the gel beads were left in different pH solutions (pH: 3, 5,7, 9, and 11) overnight,
the antibacterial effect didn’t change significantly (Figure 5c). Maintaining efficient an-
tibacterial performance in different media environments is an important criterion for the
application of antibacterial materials [47]. The results of bacterial inhibition indicated that
the antibacterial substances in the gel beads did not change greatly in acidic and alkaline
media and maintained high antibacterial performance.

The above results suggest that gel beads have strong stability and good reusability.
According to the researchers report on PVA/SA gel, the high hydrophilic property of PVA
increased the hydrophobic property of gel beads [17]. When the silver-loaded carbon was
loaded inside the SA gel beads, AgNPs were released through the hydrophobic structure
constructed by the PVA. PVA shrinkage during storage would lock AgNPs firmly into the
gel beads. The gel beads of SA/C-Ag with PVA as a reinforcer assisted the liberation of
Ag" through the adhesive structure of the PVA and SA to improve the antibacterial effect.

3.3. Physical Properties
3.3.1. Swelling Ratio of SA/PVA/C-Ag Gel Beads

The swelling rate of antibacterial material in water is one of the key indexes of its
performance [48]. The swelling rate of materials provides an important reference point in
daily practice. Within a set period, the swelling rate of the material was raised with the
increase in the soaking time (Figure 6a). When the PVA content was 2%, 4%, 6%, and 8%,
the gel bead swelling reached equilibrium at 7 h. The swelling of the gel beads with 6%
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and 8% PVA content started to drop slightly after a few hours when the swelling reached
equilibrium. Due to the high hydrophilicity of PVA, the gel beads began to dissolve. When
the PVA content of the gel beads was 10% and 12%, the swelling rate began to drop after 1 h
of swelling. Due to the high PVA content, the gel beads dissolved faster. Figure 5a indicated
that the highest swelling rate was 350% when the PVA content of gel beads was 4% and 6%.
Because the gel beads would dissolve when the PVA load was 6%, the gel beads with 4%
of PVA had the best swelling performance. The additional load of PVA could regulate the
hydrophobic structure of the gel beads and improve the swelling performance of gel beads
under the suitable PVA load. The swelling property of the gel class was between 300% and
400% [22].
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Figure 6. Swelling effect images of different PVA dosages (a) and different pH solutions (b) in 12 h.

The PVA content of the gel beads in the pH swelling experiment was 4% (Figure 6b).
The prepared gel beads were placed into different pH of media for 12 h. In the pH
3.0 medium, the swelling rate was 200%. Calcium alginate (CA) shell formed when a
sodium alginate solution met a CaCl, solution, which could protect the acid solution from
rupture [49]. In the pH 5.0 medium, the swelling rate of the gel beads obviously increased
to 749%. The hydrophobic structure of PVA in gel beads greatly increased the swelling
rate of gel beads in solution [50]. When the pH was greater than pH 7.0, the swelling rate
was less than 100%. The PVA was difficult to dissolve in an alkaline solution [51], and the
shrinkage and swelling rate of the hydrophobic structure constructed by the PVA dropped
in the alkaline solution. The swelling test results displayed that the swelling ability of gel
beads was greatly enhanced in a neutral acidic solution.

3.3.2. Morphological Properties, Shrinkage, and Water Loss of SA/PVA /C-Ag Gel Beads

As illustrated in Figure 7, the SA gel beads were transparent (a), and the SA gel beads
were black when loaded with silver—carbon (b). The gel beads synthesized by SA and PVA
were cloudy and opaque in color (c), and dark gray when silver-loaded carbon was added
(d). In this study, the simple drop method was utilized to prepare the emulsion gel beads.
The gel solution was pushed out of the pipette to form a droplet at the tip, which was then
dropped into the CaCl, solution. After PVA was added to the gel solution, the viscosity of
the gel beads became larger.

In the water-loss test experiment, with the increase in time in the oven, the Ca?* infused
from the surface of the gel beads to the interior, and the interchain interaction between the
stretched segments of the alginate monomer and Ca?* occurred. The connection between
these stretched segments could force water to flow out, resulting in an increased water
loss in the gelation of the gel beads [52]. Figure 8a reveals the effect of PVA dosage on
the water loss of the gel beads. With the increase in PVA loading, the water-loss rate of
the gel beads dropped. When the PVA content in the gel beads was 12%, the moisture
content was close to 40% after drying in the oven at 80 °C for 30 min. Silver-loaded carbon
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was added to SA and PVA gel beads, and the gel beads loaded with silver-loaded carbon
had better water retention ability at the same PVA concentration. Due to the hydrophilic
and film-forming properties of PVA [17], the gel beads formed by the adhesion of sodium
alginate and PVA had a complex pore structure that could lock in more water to prevent
water loss [11]. The addition of silver-loaded carbon made the internal structure of the gel
beads more complex, and the water loss rate was lower. Some studies have shown that
biochar has a certain adsorption capacity and a certain water-locking property [26]. The
PVA and silver-loaded carbon increased the adsorption and water-locking properties of the
gel beads, which contributed to a new idea for gel bead materials.
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Figure 7. Visual aspects of gel beads prepared from different materials. SA gel beads (a). SA and
C-Ag gel beads (b). SA and PVA gel beads (c). SA, PVA, and C-Ag gel beads (d).
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Figure 8. Water-loss (a) and shrinkage (b) images of gel beads with different PVA contents.

Over the process of the gel bead formation, the gel beads shrink as time increases
and finally reach equilibrium [49]. Figure 8b illustrates that all the samples decreased in
size during gelation, and, to compare their shrinkage during gelation, the cross-sectional
shrinkage was calculated. The shrinkage of the samples during gelation was probably
due to dehydration and structural collapse [53]. As can be seen in the shrinkage curve,
increasing the content of PVA increased the shrinkage, and increasing the gelation duration
had an obvious influence on the shrinkage in the gelation process. The shrinkage rate of
12% PVA was 26.3%, and the supplementation of a certain content of PVA was helpful
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to the shrinkage of the gel beads. The results of the morphological properties, shrinkage,
and water loss indicate that PVA greatly enhanced the mechanical properties of the gel
beads, and the silver-loaded biochar enhanced the physical properties of the gel beads to a
certain extent.

3.3.3. The Degradation of SA/PVA /C-Ag Gel Beads

In some studies, degradation property is an important criterion for materials [54].
The degradation properties of materials have been paid more and more attention by
researchers [55]. The gel beads containing PVA had the best degradation performance, and
the adhesive structure constructed by the PVA and SA was conducive to the degradation
of the gel beads. However, the biochar was difficult to degrade, which hindered the
degradation of the gel beads (Figure 9). The degradation results in this study were close to
some of the composite gel results, and had no damage to the environment in the treatment
of bacteriosis [56]. The beads are a bacteriostatic material with market potential and
environmental protection.
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Figure 9. The degradation curve images of SA/PVA/C-Ag gel beads.

3.4. The Mechanism of Bacterial Inhibition by SA/PVA/C-Ag Gel Beads

Biochar materials have been widely used as carriers of nano-metal ions in antibacterial
and catalysis processes [4,57-63]. PVA is a kind of network polymer with a cross-network
structure. In the bacteriostasis process of SA/PVA/C-Ag gel, the network hydrophobic
structure provided by the PVA and SA provides a carrier for dispersing fish-scale silver-
loaded carbon (C-Ag). The porous structure and large specific surface area of fish scales after
carbonization also provided suitable conditions for loading silver [10]. Due to the extensive
and long-lasting bactericidal ability of silver [40], the fish-scale biochar loaded with silver
had a strong bactericidal effect. When the gel bead was immersed in water, the internal
network hydrophobic structure made the gel bead expand [50], so that the antibacterial
material was able to fully contact the water environment. The silver nanoparticles on the
C-Ag composite were liberated into the water through the network hydrophobic structure
to result in a continuous sterilizing effect.

After AgNPs come in contact with bacteria, the AgNPs can pass through the cell
membrane and enter the cytoplasm, due to the change in charge inside and outside the cell,
thus destroying the internal structure of the cell [64]. AgNPs also damage the cell mem-
brane, causing material inside the cell to leak out, leading to the death of the bacteria [65].
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The interaction of AgNPs with mitochondrial respiratory enzymes after entering the cell
wall would lead to the proliferation of reactive oxygen species [66], ultimately causing
the disruption of ion transport channels. As a result, many cellular metabolic processes
(such as DNA synthesis, protein and ribosome destruction, and enzyme synthesis) are
disrupted [67,68], ultimately leading to bacterial inactivation. The large contact area of gel
beads provides a platform for the interaction of bacteria and bacteriostatic agents [69-74],
which further promotes microbial destruction [66,67]. In this work, the bonding network
structure of PVA and SA was constructed (Figure 10), and the silver-biochar loaded on fish
scales was fully loaded in the network structure to give full play to the antibacterial effect
of the antibacterial materials. The production cost of the experimental material pair was
reduced, and the continuous antibacterial performance of the antibacterial material was
improved, which has a good application prospect in water treatment application materials.
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Figure 10. Antibacterial mechanism of SA/PVA/C-Ag gel beads.

4. Conclusions

As society and the economy develop, human activities will continue to discharge
industrial and agricultural pollutants into water bodies, and water microbial pollution is
becoming increasingly serious. Accordingly, the development of a long-term, efficient, low-
cost, eco-friendly biochar-based composite material with excellent antibacterial properties
has gained much attention. Fish scales are easy to obtain, and the silver-carrying biochar-
polyvinyl alcohol-alginate gel beads (C/PVA/SA) can be easily prepared. The fish-scale
biochar was loaded with Ag* by high-temperature reduction. SA/PVA /C-Ag gel beads
with complex hydrophobic structures were synthesized. FTIR characterization confirmed
the successful preparation of the material. The antibacterial test results indicated that a large
number of silver ions loaded on the fish-scale silver-biochar provided a good antibacterial
effect in the SA/PVA/C-Ag gel beads. A hydrophobic structure was constructed in the gel
beads through the adhesive interaction of PVA and sodium alginate, which improved the
release of silver ions from the silver-loaded fish-scale biochar. It had an obvious inhibitory
effect on E. coli, S. aureus, and P. aeruginosa. In the physical properties test, the SA/PVA/C-
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Ag gel beads had high swelling properties. The swelling rate was increased in an acidic
solution. PVA provided stability for the gel beads in alkaline solutions. The addition of
PVA reduced the water loss rate and increased the shrinkage rate of gel beads so that the gel
beads had good physical properties. The porous structure of fish-scale biochar also reduces
the water-loss rate. The hydrophobic structure of PVA and sodium alginate also improved
the degradation rate of the gel bead pairs. Overall, this prepared material is a new type of
antibacterial gel bead, which has good antibacterial properties, good performance stability,
and excellent recyclability and portability. In addition, the good degradation performance
of the C/PVA/SA was in line with the concept of environmental protection. Consequently,
these newly prepared C/PVA/SA gels have high potential application for the treatment of
sewage in a high-efficiency reactor on a large scale in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr11082330/s1, Figure S1. SEM images of C-Ag 10,000 magnifi-
cation (a,b).
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