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Abstract: In this study, a glassy borosilicate compound was synthesized using recycled glass and
natural clays. Even though glass recycling is the generally accepted standard practice for managing
glass waste, fine fractions of container soda-lime glass or cullet of other compositions are still
disposed of in landfills. Thus, advanced upcycled products that offer greater economic motivation for
implementation in industry may be the key to success, but these are frequently linked to alternative
methods of product synthesis. Here, a simple and facile route of borosilicate compound production
has been synthesized and characterized. The physicochemical characterization of the compounds was
carried out to determine their properties and the antibacterial efficacy of the synthesized compound
against Escherichia coli (E. coli) was investigated. The structural and spectroscopic characteristics were
identified as a compound that conformed to quartz, cristobalite, and silicon hexaboride (SiBg). For
the antibacterial activity, two test types were typically performed; in the first one, the dilutions of the
grind were combined with chloramphenicol at a concentration of 20 pg/mL to perform a synergistic
action against the bacteria and in the second one, only the amorphous borosilicate compound was
tested against E. coli ATCC 25922 strains. The treatments applied considered the dilutions from 8 to
40 pg/mL. The minimum inhibitory concentration (MIC) sensitivity tests began with incubation at
37 °C in the tubes and subsequent seeding in Petri dishes for colony-forming unit (CFU) counting.
The results obtained indicated that the samples possessed a productive antibacterial effect, which
support their use in various biomedical applications.

Keywords: borosilicate; amorphous; antibacterial; E. coli; chloramphenicol

1. Introduction

Waste materials, both hazardous and non-hazardous, are most often associated with
industrial processes, production, and human activities. Therefore, it is crucial to recycle
and reprocess such wastes to maximize economic gains and safeguard the environment.
Recycling is the process of choosing, sorting, and using waste again as a primary resource
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to create a product that is identical to or extremely comparable to the original material.
In this respect, the rise in product consumption and rigorous emphasis on high-quality
manufacture are the main causes for the elevation in the production of enormous volumes
of glass waste per year [1,2]. Each year, thousands of tons of glass are landfilled, even
though 76% of glass waste is recycled in the EU1 and 33% in North America. Fine fractions
(fibers and their composites) can be found in glass soda-lime cans, even those that are
recycled the most [2,3]. Also, if a product is poor, such glasses are frequently landfilled
right after they are manufactured. For environmental preservation, glass wastes should
also receive careful consideration, as they take millions of years to decompose in nature.
Therefore, the recycling of glass is a significant subject that needs to be researched, as it has
the potential to have both positive economic and environmental effects. There are several
strategies for recycling glass waste into valuable products. Recycled glass, particularly
borosilicate, exhibits the characteristics of low thermal expansion coefficient and dielectric
constant, high electrical conductivity, and hydrolytic resistance [4-6]. Such borosilicate (BS)
compounds are applied in medical, structural, and antibacterial usages, bioactive glasses,
and also for developing tissue engineering applications [7].

There are several borate compounds that have been found to be potential candidates
for various applications in the medical field [8]; for instance, icosahedral boron cluster
compounds have good stability and bioavailability, and are the most commonly used
structures of this class in drug development. Boron cluster compounds have the potential
to become viable and suitable candidates for antimicrobial therapy. The combination of
ethylenediaminetetraacetic acid (EDTA) with boric acid to treat and/or prevent vaginal
infections is due to its role as a disruptor of the vaginal biofilm. Boric acid can also be used
in the methodology for treating vaginal infections, which is selected from bacterial infec-
tions and trichomoniasis [9], constituting the possibilities for several medical applications.
The antibacterial effects of boric acid, unlike many antibiotics, appear to be independent of
cell growth, as dividing and stationary phase cells are affected. Under two photoperiod
conditions (dark and light), a concentration of 9.3 mg L~! of boric acid was evaluated
under in vitro culture conditions [10]. Likewise, the incorporation of copper (Cu) and
silver (Ag) with bioactive glass led to an innovative methodology in tissue engineering.
For instance, improved electroactive, mesoporous, and Ag-doped bio-ceramics for med-
ical usages have been developed, and their structural, electrical, in vitro bioactivity, cell
culture, and antibacterial properties against pathogenic bacteria were determined and
reported [11]. On the other hand, copper-borosilicate and borosilicate glasses inhibit E. coli
growth, and three kinds of bioactive glass particles (silicate, borosilicate, and copper—
borosilicate) have been added as a second phase to hybrid organic-inorganic silica-based
sol-gel coatings to improve the surface properties of stainless steel as an implant mate-
rial [12]. Developed borosilicate compounds with the structural and bioactivity properties
of a phosphate-free novel composition of calcium borosilicate mesoporous glass—ceramic
have been reported [13]. A few hundred parts per million of boron/boric acid in bentonitic
clays can affect the reduction in bacterial colonies. Sol-gel-synthesized boron nitride (BN)
thin films for antibacterial and magnetic applications demonstrated that the derivatives
have remarkable antibacterial activity against bacterial strains of E. coli [14]. Similarly, the
application of boric acid to a bacterium called “Pseudomonas putida strain KT2440” showed
effects on its growth and activity, but at concentrations of 40 mM [15].

Chloramphenicol, despite being an antibiotic of medium intensity, can be assimi-
lated to reinforce defensive activity, and that is the reason why it was included in this
research. The action mechanism of chloramphenicol against E. coli is generally reported
to be bacteriostatic, but it can be bactericidal at high concentrations or against highly
susceptible organisms, such as Haemophilus influenza (H. influenza) and Streptococcus pneumo-
niae (S. pneumoniae). Chloramphenicol, a broad-spectrum antibiotic, can be used against a
wide range of Gram-positive and Gram-negative bacteria. In vitro concentrations of 0.1 to
20 ng/mL of chloramphenicol are generally effective against susceptible strains. Owing to
its hematological toxicity related to serum concentrations, it is not recommended to reach
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peak concentrations higher than 25 ug/mL [16,17]. Chloramphenicol is an antibiotic that
is not prescribed as a first choice, but it can be an important alternative in specific cases
where others are not suitable for the treatment of infections or in patients allergic to beta-
lactams (f3-lactams) [18], reports indicate that it does fight E. coli, but has a resistance of 35%,
i.e., chloramphenicol is only 70% effective against E. coli [19]. Also, the literature review
established a MIC for chloramphenicol of 8 mg/mL as very sensitive, while it indicated
20 mg/mL, both against E. coli, in dilution medjia; it could be proven that neither of them is
applicable, since it has been demonstrated by experimentation that these proportions are
not effective to combat E. coli when they act jointly with BSC, which is the primary objective
of the study carried out in this research. Finally, it could be reported from the results
that chloramphenicol is not effective against “Aeromonas” bacteria that affect the digestive
system, as well as E. coli, when the concentrations are between 8 and 32 mg/mL [17].

Thus, in this work, an improved and ecological substance was designed to be used as
an “antibacterial borosilicate compound”, and the main aim was focused on studying this
substance, which was obtained mainly from recycled waste boron, ground glass particles,
and residual clays. As aforementioned, boron is one of the chemical elements that is the
most important to preparing the compound, and its importance is rising owing to its
multifunctional applications. Such an element can appear naturally in soils and rocks,
but it is also found on water surfaces polluted with boric acid and inorganic borates.
Therefore, herein, the antibacterial efficacy of a “borosilicate compound” synthesized from
recycled glasses and natural clays, made of boron, aluminosilicates, and silicon dioxide,
was determined through studying the values of the MIC in ug/mL against E. coli ATCC
25922 strains. For this purpose, two substances were used to test the combined action of
the powdered borosilicate compound with another antibiotic, “chloramphenicol”, in order
to compare its antibacterial efficacy.

2. Material and Methods
2.1. Synthesis of Borosilicate (BSAS and BSC) Compounds

Given that this material is intended to be used in pavements, some of its components
are of natural origin and, in turn, recycled materials, such as clay and glass from the glass
industry in the city of Arequipa, Peru. The borosilicate compound (BSC) was synthesized
using 10 g of natural clay obtained from “Canteras Lajas Arequipa, Peru”, 20 g of kaolin
(Quimica Industrial, Lima, Peru), 30 g of sodium tetraborate decahydrate (Procampo, Lima,
Peru), 20 g of boric acid (Inkabor, Lima, Peru), 4 g of quartz (Quimica Industrial, Lima,
Peru), 6 g of recycled glass, 0.6 g of yellow pigment (Baycolor, Lima, Peru), and 9.6 g
of white marble pigment (Baycolor, Lima, Peru). The materials were mixed and ground
without further purification for 14 h by adding 500 mL of distilled water, ground, and
then dried at room temperature; the collected material was ground and passed through a
200 mesh and labeled as “prepared borosilicate” (BSAS). Then, the obtained sample was
calcined at 980 °C for 14 h and ground and passed through the 200 mesh. Finally, the
obtained product (sample) was labeled as calcined borosilicate (BSC).

2.2. Materials Characterization

The thermal properties of the BSAS samples were studied by simultaneous differen-
tial heat flow by using an SDT 650 (TA instruments, New Castle, DE, USA) differential
scanning calorimetry and thermogravimetric analyzer (DSC/TGA) from room temperature
to 1000 °C at a 20 °C/min heating rate under a nitrogen (N) atmosphere. The structural
characterization of the samples (BSAS and BSC) was performed using an X-ray diffractome-
ter, model D8 Focus (Bruker, Coventry, UK), with Cu-K« radiation (1.5406 A) operated
at 30 kV and 30 mA. The diffraction patterns were recorded from 5° to 70° with steps of
0.011° and 8.67 s per step. The functional groups of the samples were analyzed by using
Fourier-transform infrared (FTIR) analysis and the spectra were recorded utilizing a Bruker
Invenio R spectrometer (Bruker, Ettlingen, Germany). The morphological and elemental
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analyses were performed by using scanning electron microscopy (SEM), model Scios2
(Thermo Scientific Co., Eindhoven, The Netherlands).

2.3. Antibacterial Experimental Procedure

The procedure consisted of using an inoculum of E. coli ATCC 25922 to perform the
MIC test in the tubes, incubating at 37 °C, and successive sowing in Petri dishes for CFU
counting. Two stages were developed; in the first one, different quantities of BSC were
dispersed in concentrations that increased with each other in 20 pg/mL, of which one part
was BSC and the other was chloramphenicol, against a Gram-negative E. coli bacterium.
The concentration was as follows: for each 10 mL of peptone solution, different weight
proportions of 8, 12, 16, 20, and 24 ng/mL of the BSC were added with the antibiotic
substance chloramphenicol, making a total of 7 specimens with these combinations and
1 blank specimen. All the procedures carried out in the first stage were called “Mix 01” and
all those carried out in the second stage were called “Mix 02” (Figure 1).

CMIX 01: Sensitivity test preparaﬁoxD

MIX 01
1.- Peptone
2.- Chloramphenicol
(1) INCUBATION 3.-BSC
(8 Tubes containing BSC, 4.- Inoculum of E.coli
bacterial strain and
chloramphenicol) MIX 02
1. BSC
2. Escherichia coli Strain Inoculum
(2) SEEDING: .
(24 Petri dishes) Mix 01 ()

Mix 02 C)

are incubated for 72 hours at

‘ Incubation The 24 Petri dishes
35°C.

YES (3) Does the resulting NO

compound inhibit

4)

A

To establish the viable MIC Lﬁ\/ﬂx 02: BSC Only At differen)

ranges of the compound
resulting from the previous step

concentrations

(1) INCUBATION 8 Tubes
containing bacterial strain
and BSC

(5) Can chloramphenicol be
analyzed separately from BSC?

(2) SEEDING (8 Petri
Plates)

3)
INCUBATION

(4) We found that there is BSC

Figure 1. Flowchart describing the antibacterial test.
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2.3.1. Stage 1

In the first stage, eight combinations were prepared, in which the first and the last were
control samples. Sample 1 contained only chloramphenicol and sample 8 was the blank
sample. In each of the remaining 6 combinations, BSC was added in increasing proportions,
and the other substance, chloramphenicol, had a constant volume of 20 pug/mL. Sample
7 was the standard sample because it was the one that contained only the BSC in powder
form, where 100% of it was the compound and chloramphenicol accounted for 0%. All
samples from 1 to 6 contained both chloramphenicol and BSC simultaneously. The amount
of peptone by volume was constant for all 7 combinations, as was the concentration of
peptone. The products were weighed into sterile empty tubes; chloramphenicol was
weighed first and added to tubes 1 to 6 (in triplicate) at 20 pug/mL. Next, the BSC was
added in the indicated amounts and then, in a sterile seeding chamber, 10 mL of 0.1%
peptone was added to each tube, including the series already mentioned, with tube 7 as
the standard (in this case, only 3 repetitions were performed) and 8 as the blank. To the
eight series of three tubes (24 tubes), 1 mL of strain inoculum was added. Three tubes were
added as a negative control in which no inoculum was added and that only contained 0.1%
of sterile peptone.

2.3.2. Stage 2

The next step was “incubation”; once the preparation was completed, the tubes were
placed in a rack in a calibrated incubator at 37 °C for 3 days (72 h). The tubes were only
taken out of incubation every 24 h to capture photographs and detect the variations in their
characteristics, if any. Afterward, the “seeding” stage continued, the incubation tubes were
removed and taken back to the sterile seeding chamber; the whole process was carried out
in the presence of a lit burner and with sterile material (Figure 1).

With respect to the tubes, each tube was inoculated onto Petri film plates following
the procedure; with a sterile pipette, 1 mL was extracted from each tube after the homoge-
nization of its contents, placed in the Petri film E. coli plate by lifting the upper film and
applying it to the culture medium of the Petri film before returning the upper film to the
culture medium. The Petri film E. coli plates were allowed to stabilize for five minutes.
In addition, decimal dilutions were prepared, and each was inoculated onto a fresh Petri
film plate. The E. coli Petri film plates were labeled with the corresponding tube code and
dilution. Each dilution was prepared with 9 mL of sterile 0.1% peptone and 1 mL of the
previous dilution. Eleven dilutions of each tube were used (except for the negative control,
where only one direct sample was used). Then, returning to the “incubation” stage, the
Petri film plates with E. coli were incubated at 35 °C for 48 h in a calibrated incubator.

2.3.3. Stage 3

Next came the “Reading” stage; all plates were checked and those with between
15 and 150 colonies were counted. The E. coli colonies were blue dots and were associated
with a gas bubble. The counts obtained were reported and expressed in CFU/mL. In the
second part, 9 concentrations and /or samples representing different concentrations of BSC
above and below 20 ng/mL were used. These samples were designed by maintaining an
arithmetic progression with the following concentrations: 8, 12, 16, 20, 24, 28, 32, 36, and
40 pg/mL, producing a total of 9 samples. The design criteria of the conditions for the
methodological procedure were also kept constant, such as the uniform inoculum size,
temperature, and the culture or sowing times of the previous stage; however, the number
of samples was modified since, in this stage, there were 9, so the positive and negative
control samples were eliminated as these results were already known according to the
previous stage, and 3 groups were analyzed again; therefore, only 27 results are available,
in each of which a volume of 790,000 microorganisms of E. coli was inoculated and left for
72 h. The antibacterial activities against E. coli microorganisms (for the 72 h inoculated
samples) were examined to observe the replications of the number of microorganisms
(kindly refer to Section 3.5) to perform a more thorough evaluation of the number of
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surviving microorganisms on each day of evaluation. All the conditions used in the
previous stage in terms of temperature, strain, peptone, etc., were used again.

3. Results
3.1. Thermal Analysis

The thermal characteristics of the BSAS sample were determined using TGA /DSC
analysis and are presented in Figure 2. The sample presented four stages from room
temperature to 1000 °C; the first reaction occurred from room temperature to 127 °C, when
there is a decrease in weight of ~10% and an exothermic reaction that corresponded to the
evaporation of humidity and water contained in the sample. The second stage appeared
from 127 to 216 °C, with a weight loss of ~21% and an endothermal reaction with a peak
shoulder that corresponded to the dehydration of boric acid and its boiling [20]. The third
stage occurred from 216 to 634 °C, where an exothermic peak appeared that corresponded
to the evaporation of the boric acid and the volatilization of the organic compounds present
in the pigments, with a total weight loss of ~25%. From 634 to 900 °C, the total weight
loss was ~26%, and an endothermal flat reaction happened that could be related to the
boiling of the sodium tetraborate decahydrate. From 900 to 1000 °C, an exothermal peak
occurred that could be attributed to the remaining boron on the silicon dioxide (SiOy)
surface diffusing through the SiO,, forming the most favorable phase of SiBy, but with the
excess boron that transformed to SiBg [21], with a total weight loss of ~27% at 1000 °C.

T
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Figure 2. TGA and DSC curves of BSAS sample.

3.2. Phase and Structural Analysis

Figure 3 shows the XRD patterns obtained for the BSAS and BSC samples. The BSAS
sample was composed principally of three phases; the principal phase has characteristics
peaks located at 26 values of 15.2° and 28° that correspond to boric acid in the Sassolite
phase (JCPDS No.: 01-0767) and the second phase had peaks located at 20 values of 12.4°,
18.3°,24.8°, 31.4°, and 47.9° that corresponded to sodium tetraborate decahydrate (JCPDS
No.: 24-1055), commonly called Borax.
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Figure 3. XRD patterns of BSAS and BSC samples.

The third phase had peaks located at 26 values of 20.8°, 26.7°, 36.6°, and 60.1°, which
corresponded to the SiO; in the quartz phase (JCPDS No.: 87-2096). The results also
indicated that the calcined samples had two crystalline phases and one amorphous phase;
the diffraction peaks located at 20 values of 20.8°, 26.6°, 39.4°, 40.3°, 42.4°, 45.7°, 50.16°,
59.9°, and 68.1° were in good agreement with the quartz phase of SiO; (JCPDS No.: 87-2096).
A short peak located at a 26 value of 21.7° corresponded to the cristobalite phase of SiO,
(JCPDS No.: 27-0605); additionally, around 15-40°, a prominent hump typically appeared
that corresponded to the amorphous material present in the sample, which could be
attributed to SiBg that may have been formed by mixing boric acid and sodium tetraborate
decahydrate with silicon oxide, forming networks in which boron replaced oxygen in the
510, network [22]. A Rietveld quantitative phase analysis of the BSC sample was performed
using Highscore Plus software version 4.8 (PANalytical, Almelo, The Netherlands) [23]. A
shifted Chebyshev method was used to adjust the background intensity. The crystalline
and amorphous phase contents obtained from the Rietveld refinement technique were
62.1% quartz, 6.6% cristobalite, and 31.3% amorphous, with Rexp = 4.3039, Rp, = 3.8892,
Rywyp = 6.4488, and GOF 1.49.

3.3. Functional Group Analysis Using FTIR

Figure 4 shows the FTIR absorption spectra recorded for the BSAS and BSC sam-
ples. According to the results obtained for the BSAS sample, the peaks at 3797, 3619,
1039, 908, and 540 cm ™! could be attributed to the SiO, in the quartz phase, the bulge at
3300-3600 cm~! and the peaks at 1407 and 1180 cm ™! were related to the sodium tetrab-
orate decahydrate, and the peaks located at 3240, 2365, 2282, and 3619 cm ! could be
attributed to boric acid. The results for the BSC sample indicate that the material had the
principal contributions of peaks located at 1407, 1071, 798, and 454 cm ™! corresponding
to SiBg and a contribution of SiO,, with peaks located at 540 and 3438 cm~L; the shoulder
peaks at 1440, 775, and 450 cm~! could be attributed to the small contribution of remnant
sodium tetraborate [24,25]. The analysis of the data shows that the final product was
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composed principally of amorphous SiBg and SiO; in the quartz phase, which is consistent
with the results obtained in the X-ray diffraction (XRD) analysis.

uy

Si-0-Si
——BSC 0-Si-O

— BSAS Si-O-B

I 1 1 1 I 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Figure 4. FTIR spectra of BSAS and BSC samples.

3.4. Morphological Analysis

The scanning electron microscopy (SEM) images obtained for the BSAS and BSC
samples are displayed in Figure 5. The electron microscopy images demonstrated that,
after 14 h of thermal treatment, the calcined sample (BSC) presented a smooth texture
on its surface, which can be attributed to the evaporation and/or diffusion of boric acid
and sodium tetraboride, which initially (Figure 5a) were presented in a powder form
covering the SiO, particles, and after calcination, disappeared considerably (Figure 5b);
these results can also be reflected with the elemental composition analysis (in weight %)
and are summarized in Table 1.

"um

Figure 5. SEM images: (a) BSAS and (b) BSC.



Processes 2023, 11, 3414

90f19

Table 1. Elemental composition analysis of the samples in weight %.

Samples
Elements BSAS BSC
B 0.29 0.17
C 12.54 7.71
(@) 45.86 55.96
Na 0.47 0.12
Mg 0.84 0.8
Al 9.95 6.07
Si 30.05 29.17
Total 100 100

3.5. Antibacterial Activity

According to the results displayed in Table 2, after 72 h, during which time the samples
were left to wait for the growth of E. coli bacteria, it was observed that there was growth
resistance of E. coli bacteria to the combined action of BSC and chloramphenicol. Although
it was observed in all cases that the bacteria recovered and resisted up to double on the
third day, in the case of sample 7, in which only chloramphenicol was acting, it could be
observed that the number of microorganisms concentrated on the third day was lower than
that for all the other samples mentioned, which means that it presented certain sensitivity
to bacterial attack, because, in the three repetitions, it exhibited the lowest proliferation
indexes. It was also observed in both samples 1 and 7 that the proliferation was lower,
which meant that chloramphenicol and the BCS acted alone, independently of each other,
and were more effective against the microorganism.

Table 2. E. coli counts against chloramphenicol and BSC.

Independent Variable Dependent Variable
E. coli ATCC 25922 WDCM 0013 Initial Inoculum 790,000 CFU/mL
Samole No BSC Chloramphenicol 24 h Count 48 h Count 72 h Count Remarks
pie No. (ng/mL) (ug/mL) (CFU/mL) (CFU/mL) (CFU/mL)
1 0 20 8.1 x 1012 4.6 x 1012 5.9 x 1012 None
2 8 20 7.2 x 1012 49 x 1012 8.3 x 10'2 None
3 12 20 8.6 x 1012 3.6 x 1012 6.2 x 1012 None
4 16 20 6.8 x 1012 5.7 x 1012 7.4 x 1012 None
5 20 20 3.9 x 10'2 6.3 x 1012 7.9 x 1012 None
6 24 20 8.4 x 1012 5.4 x 1012 7.1 x 1012 None
7 20 0 5.6 x 1012 3 x 1012 45 x 1012 None
8 (White) 12 1 12 Increased
C /inoculum 0 0 47 % 10 6.4 % 10 7.8 x 10 turbidity
Negative control 0 0 <1 <1 <l None

s/inoculum

The results of the first phase showed that only sample 7, whose concentration was
20 ug/mL, presented a positive bacteriostatic or inhibitory reaction of the substance of the
compound towards the strain. To study the effect of the BSC concentration on antimicrobial
activity, different concentrations of BSC were inoculated and the results are provided in
Table 3; in this stage, the concentrations were between 8 and 40 ug/mL. From the analysis
of the results, it could be observed that the behavior of bacterial growth was similar for
the nine samples at the end of the first day (column 1). The exponential growth was
defined from the day of inoculation (column 1) until the second day of incubation (column
2), corresponding to 48 h of post-inoculation. From the last time (column 3) or 72 h, an
incipient stationary phase was established in samples 6 and 7, because the antimicrobial
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effect was slight from the second day (after 48 h), and from the third day, it began to
decrease—this can be seen with greater certainty. Increasing the concentration between
36 and 40 pg/mL practically accentuated the decrease in the bacterial population, as the
antimicrobial effect commenced from the first day.

Table 3. Determination of the favorable MIC range.

Column 1 Column 2 Column 3
.. Dosage b First Da Second Da Third Da
Sample  Description o P00 ) (CFUImD) (CFUImL) (CFUImD) Remarks
24 h Count 48 h Count 72 h Count
1 8 8.1 x 1012 8.5 x 1012 7.8 x 1012 No antimicrobial effect
2 12 8.1 x 1012 8.4 x 1012 7.4 x 1012 No antimicrobial effect
3 16 8.1 x 1012 8.4 x 1012 6.5 x 1012 Low antimicrobial effect
4 20 7.5 x 1012 8.3 x 1012 5.6 x 1012 Low antimicrobial effect
5 BSC 24 8.1 x 1012 8.4 x 1012 3.0 x 1012 Moderate antimicrobial effect
6 28 8.1 x 1012 7.5 x 1012 2.8 x 1012 Moderate antimicrobial effect
7 32 8.0 x 1012 7.3 x 1012 2.8 x 1012 Moderate antimicrobial effect
8 36 8.1 x 102 7.2 x 1012 2.5 x 101 High antimicrobial effect
9 40 7.2 x 1012 7.0 x 10'2 2.5 x 102 High antimicrobial effect

The objective was to determine, study, and evaluate the microbiological parameter of
MIC applied to BSC against E. coli in order to identify the range of concentrations, in pg/mL,
that minimally comply with the property of inhibition of its growth and proliferation; thus,
other tasks had to be previously fulfilled. First, after the use of different concentrations in
10 mL of culture medium after 72 h of incubation at 37 °C, dilution in tubes, incubation in
the tubes, subsequent seeding in Petri dishes, and final count were required both in the
first and second stage (Figure 1); second, the quantity of E. coli in CFU/mL identified and
accumulated in the BSC after performing the study of both stages was determined. Finally,
in the third stage, a comparison was made with another antibiotic substance to determine
the antibacterial activities of the samples against E. coli compared with chloramphenicol
and a statistical analysis was performed.

3.6. Statistical Analysis

The simple ANOVA statistical method was used to perform the statistical analysis of
the synthesized samples. The average or means for three repetitions of each concentration
were calculated for every 24 h, and with these data, the quantitative data of bacterial growth
were estimated; this was performed in both the cases of the first and the second stages of
the samples. The normality plot for the interaction between borosilicate enamel powder
and chloramphenicol against E. coli shows the growth of colonies. It was considered a
“moment analysis” (Figure 6), which allowed us to express the measurement of certain
bacteriostatic activity for each of the concentrations of ground borosilicate compound. The
experiments were carried out with strict rigorousness, and the estimated graph allowed us
to gain an understanding of the expected behavior of the effectiveness of this compound.

In the specific case of this manuscript, it was found that the borosilicate compound
did not have a bactericidal effect. For that reason, the method called “the death curve or
lethality” was not developed. This would be convenient for later research. It is necessary
and requires more time points to know the precise time of extermination, so a period of
72 h was considered [26,27]. In this way, the kinetics of bacterial death were measured
by counting the number of colonies that remained alive after exposure to the borosilicate
compound in relation to the original inoculum. In the second stage, the same procedures
as those carried out in the first stage were used. The “stationary” trend plot was used for
the powdered borosilicate compound. The counts obtained are expressed in CFU/mL.

Following the simple ANOVA statistical methodology, the results obtained were at a
significance level of & < 5% to determine whether the procedure employed was correctly
stated and could be used in similar studies. Thus, before performing the analysis, it
was necessary to check two important assumptions (normality and the heteroscedasticity
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test); therefore, hypothesis contrast was performed without any problem. The data were
recorded on data record cards, which were processed and arranged in results tables. In the
analysis and interpretation of the information, the evaluation of the bacteriostatic effect was
performed through the statistical analysis of the data. An ANOVA analysis was performed,
with a p of 0.05, to check if there was a statistical difference between the treatment groups,
and Tukey’s test of differentiation was used to compare the means of each treatment group.
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Figure 6. Normality plot for the interaction between borosilicate enamel powder and chloramphenicol.

3.6.1. Validation of the Method Determining Bacteriostatic Effect of the First Stage of
Research Using Chloramphenicol and BSC at the Same Time

The result of the statistical analysis of this first stage showed that the chloramphenicol,
together with the “powdered borosilicate compound (PBC)”, did not exert a synergistic
action against the E. coli bacteria. Ultimately, it can be noticed that both composites did
not have a positive effect on decreasing the microorganism population. The normality
assumption for the interaction between the composites is provided in Table 4.

1. Normality assumption:

Formulation of statistical hypothesis at 5%.

Null hypothesis: The concentration of microorganisms has a normal distribution.

Alternate hypothesis: The concentrations of microorganisms do not have a
normal distribution.

According to the rule for contracting the hypotheses, if the significance is greater than
5%, then the null hypothesis is not rejected and if it is less than or equal to 5%, then the null
hypothesis is rejected. According to Table 4, it is observed that the significance or p-value
showed results above 5% or 0.05; consequently, the null hypothesis was confirmed—the
concentrations of microorganisms had a normal distribution for the interaction between
borosilicate and chloramphenicol in the eight treatments. The normality test (plots) for the
eight treatments is shown in Figure 6.

Table 4. Normality assumption for the interaction between borosilicate and chloramphenicol.

Treatment Statistics gl Sig.

(0 mg/mL) (20 ug/mL) 0.995 3 0.868
(8 mg/mL) (20 pg/mL) 0.934 3 0.504
(12 mg/mL) (20 ug/mL) 0.980 3 0.728
(16 mg/mL) (20 pg/mL) 0.960 3 0.617
(20 mg/mL) (20 pg/mL) 0.959 3 0.610
(24 mg/mL) (20 pg/mL) 0.981 3 0.738
(20 mg/mL) (0 ng/mL) 0.843 3 0.222

(0 mg/mL) (0 ng/mL) 0.984 3 0.760
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2. Heteroscedasticity assumption

This applies to the interaction between borosilicate enamel powder and chloramphenicol.

Formulation of statistical hypothesis at 5%.

Null hypothesis: The concentrations of microorganisms had homoscedastic data.

Alternative hypothesis: The concentrations of microorganisms did not have het-
eroscedastic data.

According to Table 5, it was observed that the significance or p-value showed data
above 5% or 0.05, (0.553, 0.883, 0.879, and 0.577); consequently, the null hypothesis was con-
firmed, i.e., the concentrations of microorganisms had homoscedastic data. In effect, after
demonstrating the two assumptions of normality and homoscedasticity, and consequently,
after fulfilling the assumptions, it was necessary to perform the analysis of variance.

Table 5. Test for homogeneity of variances.

Levene’s Statistic gll gl2 Sig.

Based on the mean 0.866 7 16 0.553

Based on the median 0.408 7 16 0.883

Based on thg median and with 0.408 7 11.490 0.879
adjusted Gl

Based on the trimmed mean 0.831 7 16 0.577

3. Analysis of variance

Formulation of statistical hypothesis at 5%.

Null hypothesis: The concentration of microorganisms had a normal distribution.

Alternate hypothesis: The concentrations of microorganisms did not have a
normal distribution.

According to Table 6, it was observed that the significance or p-value showed data
above 5% or 0.05, which meant that 0.048 < 0.05; consequently, the alternative hypothesis
was confirmed, i.e., there was a difference in the microorganism’s concentrations.

Table 6. Analysis of variance for microorganism concentrations.

Sum of Squares gl Root Mean Square (RMS) F Sig.
Between groups 1.491 7 0.213 2.682 0.048
Within groups 1.271 16 0.079
Total 2.762 23

Table 7 shows the differences between the eight treatments, and it was observed
that the interactions of the powdered borosilicate compound (PBC) and chloramphenicol
(20 and 0 ug/mL) showed a higher average for the rest of the treatments, confirming the
proposed hypothesis. Further, the hypothesis confirmed that the resistance activity of the
synthesized PBC functioned efficiently against E. coli attack and was interpreted through
the quantities of microorganism concentrations that were confirmed when inoculated into
the compound (Figure 7).

Table 7. Duncan’s test for the difference between the interactions of the concentrations of microorganisms.

Subset for Alpha = 0.05

Treatment N
1 2

(20 mg/mL) (0 ug/mL) 3 28.7323
(12 mg/mL) (20 pug/mL) 3 29.3835
(20 mg/mL) (20 pig/mL) 3 29.3872
(0 mg/mL) (20 ug/mL) 3 29.4287

(0 mg/mL) (0 pg/mL) 3 29.4503
(16 mg/mL) (20 ug/mL) 3 29.5173
(8 mg/mL) (20 pig/mL) 3 29.5242
(24 mg/mL) (20 ug/mL) 3 29.5559

Sig. 1.000 0.513
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It could also be observed that the joint action of the concentration of 20 ug/mL of
powdered borosilicate compound and 8 pug/mL of chloramphenicol against E. coli presented
a slight tendency to increase the proliferation of the E. coli strain (Figure 7). The obtained
value was 29.52 and it belonged to sample 7. Figure 7 is a graphic representation of Table 7,
where the growth stages of the E. coli bacteria in the respective Petri dishes from left to
right can be visualized through the images of the average of the three days of growth of
each of the groupings. Therefore, there was no synergy between chloramphenicol and BSC.
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Figure 7. Graph presenting the values obtained from Table 7.
3.6.2. Validation of the Statistical Method That Determined the Bacteriostatic Effect of BSC
with Concentrations of 286-40 mg/mL

1.  Normality assumption
Formulation of statistical hypothesis at 5%.
According to Table 8, it was observed that the significance or p-value showed data

above 5% or 0.05; consequently, the null hypothesis was confirmed—the concentrations of
microorganisms had a normal distribution for the borosilicate compound.

Table 8. Normality assumption for the three days on initial inoculum growth.

D Kolmogorov—Smirnov Shapiro-Wilk

a

y Statistics gl Sig. Statistics gl Sig.
First day 0.370 9 0.001 0.618 9 0.060

Second day 0.301 9 0.018 0.804 9 0.053
Third day 0.309 9 0.013 0.804 9 0.073

2. Heteroscedasticity assumption

Formulation of statistical hypotheses at 5%.
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According to Table 9, it was observed that the significance or p-value showed data
above 5% or 0.05; consequently, the null hypothesis was confirmed, i.e., the growth of the
injtial inoculum of microorganisms had homoscedastic data. In effect, after demonstrating
the two assumptions of normality and homoscedasticity, after fulfilling the assumptions, it
was necessary to perform the analysis of variance.

Table 9. Homoscedasticity assumption for the interaction between borosilicate and chloramphenicol.

Levene’s Statistic gl gl2 Sig.

Based on the mean 47.887 2 24 0.073

Based on the median 4.981 2 24 0.066

Based on the median and with adjusted Gl 4981 2 9.598 0.053
Based on the trimmed mean 43.632 2 24 0.045

3. Analysis of variance

Formulation of statistical hypothesis at 5%.

Null hypothesis: There was no difference in the three days of initial inoculum growth.

Alternative hypothesis: There was a difference in the three days of initial
inoculum growth.

According to Table 10, it was observed that the significance or p-value showed data
below 5% or 0.05, i.e., 0.000 < 0.05; consequently, the alternative hypothesis was confirmed—
there was a difference in the three days on initial inoculum growth.

Table 10. Analysis of variance for the three days on initial inoculum growth.

Source of Variation Sum of the Squares gl Root Mean Square F Sig.
Between groups 6778.741 2 3389.370 18.277 0.000
Within groups 4450.667 24 185.444
Total 11,229.407 26

Table 11 shows the differences between the three days on initial inoculum growth;
it was observed that there was a difference for the third day with respect to the first and
second days. For instance, the first day showed an average growth of 79.22, while for the
second day, it showed an average of 78.89, which was similar to the growth of the first day;
meanwhile, for the third day, it showed a growth below the first and second day, with an
average growth of 45.44, thus confirming the results obtained in the ANOVA table, which
shows that there was a significant difference for the three days of initial inoculum growth.

Table 11. Duncan’s test for the difference between the three days of initial inoculum growth.

Subset for Alpha = 0.05

Da N
y 1 2
Third day 9 45.4444
Second day 9 78.8889
First day 9 79.2222
Sig. 1.000 0.959

Figure 8 confirms the results obtained in Tables 10 and 11, in which there is a significant
difference in the three days (Figure 8a), as well as the difference in the third day with respect
to the first and second days. Figure 8b shows the trend toward a “steady state” for the
concentration of the proposed borosilicate enamel powder, which showed a decreasing
trend on average as the borosilicate increased from 8.00 mg/mL, with 81 of initial inoculum
growth, until reaching 40.00 mg/mL, showing an average value of 26 initial inoculum
growth, thus showing a decrease. In conclusion, the obtained results were significant, with
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the optimized concentration range of 28 to 32 mg/mL, which was determined to be the
MIC for the synthesized borosilicate compound and was also considered to be valid.
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Figure 8. (a) Box plot for three-day behavior on initial inoculum growth and (b) Stationary trend plot
for the powdered borosilicate compound. The *# and *° represent the scientific error values.

4. Discussion

This section is a discussion related to the research conducted by comparing it with
the existing literature on borate compounds and chloramphenicol, the MIC procedure and
inoculum size, microstructural characterization, and, finally, the validation of the results.

There are precedents on substances that have synergistic action against bacteria when
applied simultaneously, for example, the context for this work was based on the success-
ful combination of borosilicate with another antibiotic against Gram-negative bacteria
by Rodriguez et al. [28]. The efficacy increased with increasing temperature. With this
background, as can be seen, an antibiotic plus a borate compound was used to combat
E. coli, producing positive results, with a minimum concentration of 8 mg/mL to act on
inhibiting the bacteria. However, to comply with the sanitary regulations, a concentration
of 16 mg/mL was used. An antibiotic that maintains synergy with other compounds
against bacteria is chloramphenicol, which is mainly used to combat the bacteria that cause
typhoid fever, brucellosis, and bronchopulmonary infections; it is also not used to combat
candidiasis, which is the urinary tract infection corresponding to the diseases caused by
E. coli [29]. There are also studies in which synergy is achieved against Gram-negative
bacteria, based on colistin and working together [18].

Based on the consideration of the previous results closer to the present study [8,16,17],
in which the interaction between borate compounds and chloramphenicol was mentioned,
interesting methodologies were developed to treat bacteria, such as E. coli, by means of
using chloramphenicol through the performance of a series of tests to characterize the
stereoselective metabolism of chloramphenicol by bacterial strains isolated from influent
wastewater containing the chloramphenicol acetyltransferase gene in order to purify pol-
luted river water and neutralize all types of contaminants, whether chemical or biological,
and obtain water suitable for the human consumption. The content of the inoculum was
obtained from a powdered mixture containing the borosilicate compound (BSC) with a
smaller portion of the drug “chloramphenicol” to reinforce the inhibitory action (Table 2);
in this work, an inoculum volume of 1 mL was used, as established by standards [30],
which was an initial amount of 790,000 active microorganisms. The experimentation results
were proposed as the use of a biocidal compound allied to the borosilicate compound, such
as chloramphenicol (Figure 1), and therein lies the novelty of the experimentation process
of this work, since, by using the two substances with a broad biocidal spectrum, it was
expected to have a positive result in the extermination of a greater number of E. coli. How-
ever, during the experimentation, an analysis specimen containing only the amorphous
powdered compound diluted in peptone was also considered, facing only E. coli. Regarding
the volume of the inoculum of this strain to start the experimentation, the established
standards were taken into account, which specified that the size of the inoculum volume for
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chloramphenicol should not exceed 1 to 2 pL and that the concentration of microorganisms
should not exceed 10* CFU to work within the range of MIC in compounds that are similar
to that of chloramphenicol. Thus, they also experimented with inoculum that had a volume
of 20 pL of chloramphenicol to deal with E. coli, obtaining good results [31-33]. Similar
designs to their volumes and concentrations of the inoculum, without restrictions of any
norm, established the size of the inoculum to be 5.5 x 10° cells per mL (Table 2).

In the first part of the methodology, it was tested that the powdered borosilicate
compound (BSC) combined with chloramphenicol could inhibit or exterminate these bac-
teria. However, after the experimental processes and the respective analysis in a certified
laboratory, it was found that, from a series of 8 samples, including blanks, etc., the borosili-
cate compound combined with its ally “chloramphenicol” did not effectively reduce the
concentration of microorganisms. It was also interesting to note that sample 1, which only
contained chloramphenicol acting alone against the strain, did not control the growth,
including the proliferation, of E. coli; it was more abundant than what was produced in
the borosilicate compound when it acted alone against E. coli. It is interpreted from the
results that neither chloramphenicol nor borosilicate acting alone were able to stop the
microorganism proliferation. This was possible because the pre-established concentration
of chloramphenicol was very low, despite the fact that the standards already studied [34,35]
established not to go out of the range of 2 to 8 pug/L or use ranges lower than 20 pg/L.
Additionally, the exact initial quantity of active microorganisms that should be used to
start the analysis has not been established as a norm and the quantity of the borosilicate
compound was very low for this concentration of active microorganisms. In the final stage
(Table 3) of the experimentation, with the use of various concentrations of powdered amor-
phous borosilicate compound between 8 and 40 ug/mL, it was finally possible to determine
the range that allowed finding the signs of a sustained reduction in the proliferation of
E. coli, which was between 28 and 32 pg/mL, the one that evidenced such behavior. The
process went through 3 phases. In the first one, the extermination effect just began as it
was in metabolic competition. Then, it passed to the state of an increasing inhibitory effect,
and finally, in the concentration of 40 ng/mL, the result was more evident regarding the
inhibitory effect as it began from the first day, which allowed us to conclude that this value
would be the most beneficial to be used as an antibiotic as it was the most effective in the
phase of exponential growth of E. coli. (Table 11 and Figure 8).

In this research work, a procedure was developed that could determine the antibacte-
rial properties and the MIC using the BSC against E. coli. With respect to the procedure
developed, the methodology paves an avenue for designing new drugs inspired by other
substances, such as BSC. Following the technique of using inoculum in dilution in 10 mL
tubes, using the substance of BSC in this study, ground and diluted in peptone at various
concentrations between 28 and 40 ug/mL [36], it was also concluded from the results
obtained and compared with the other procedures presented above that it was capable of
resisting E. coli and maintaining this MIC against the microorganism. The results of this
study demonstrated that the BSC had a positive prognostic bacteriostatic effect against
the bacterium E. coli, but only when it acted “alone” against the strain and at higher con-
centrations between 28 and 40 pg/mL. As a final caution, BSC exerts its antibiotic action
effectively from the SiO, in the cristobalite phase to inhibit biological contaminants, such
as E. coli, in the antibacterial application according to the results of the microstructure
characterization analysis, the sensitivity tests, and having contrasted our results with other
antecedents found in the current state of the art.

However, neither the use of drugs obtained from polymorphs and amorphous solids
for the specific treatment of E. coli bacteria, nor the applications of borate substances
combined with amorphous solids to form antibiotics, have been reported in pharmacology.
In this study, the calcined borosilicate compound (BSC) was subjected to XRD analysis to
determine the presence of crystalline solids, and it was found that 62.1% of the material was
quartz, 6.6% was cristobalite, and 31% was an amorphous phase that could be primarily
attributed to SiBg by FTIR spectroscopy. Further, the obtained results lead us to investigate
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within the state of the art that other silicate-derived compounds have pharmacological
action against E. coli, since immunosensors [37], based on a quartz crystal microbalance
(QCM), have been developed for the detection of Vibrio harveyi (V. harveyi), a pathogenic
bacterium that causes morbidity and even a high level of mortality in commercial shrimp
cultures, including Penaeus monodon; this was achieved through the immobilization of a
monoclonal antibody (MAb) against V. harveyi. This result, unlike that developed in the
current work, uses grinding with granulometry at the level of nanoparticles.

5. Conclusions

A borosilicate compound (BSC) was synthesized using natural and recycled mate-
rials with incipient antibacterial efficacy. The X-ray diffraction results and the Rietveld
refinement method showed that the synthesized BSC material was composed of 62.10%
quartz, 6.6% cristobalite, and 31.1% amorphous phase. Further, the obtained FTIR re-
sults complemented the XRD results, indicating that the amorphous phase corresponded
mainly to SiBg. The antimicrobial activity studies showed that the chloramphenicol and
BSC performed better individually than together, managing to inhibit bacterial growth
from 7.8 x 10'> CFU/mL in the blank to 5.9 x 10! CFU/mL and 4.5 x 10'* CFU/mL,
respectively. It was the combined antimicrobial activity of the BSC components (quartz,
cristobalite, and silicon hexaboride) that contributed to the greater inhibition of E. coli.
The MIC of the BSC that presented greater antimicrobial inhibition against E. coli and
was found to be 36 ng/mL, where, after 72 h, the colony-forming units were reduced to
2.5 x 10'2 (CFU/mL) according to the trend presented in the evaluation days, and it was
observed that, with a longer evaluation time, the inhibition would increase or even elimi-
nate E. coli altogether. The most suitable MIC concentration for an efficient “antibacterial
material against E. coli” was in the range of 28 to 40 ug/mL. Also, the ANOVA analysis
confirmed that the results were reliable because there was a significant difference in the
period of initial inoculum growth; the accurate MIC values were between 28 and 32 pg/mL.
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