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Abstract: Natural polymers have good biological, biocompatible properties and a low degradation
rate, so they can be used in medical applications. This study demonstrates an optimized biosynthesis
for poly-gamma-glutamic acid nano-polymer (Y-PGA NP) using three bacterial isolates encoded as
B4, B5, and B6. The 16S rRNA gene sequence of the isolates showed 98.5, 99, and 99.8% similarity
with Bacillus sp., with accession numbers MZ976778, MZ976779, and MZ956153, respectively. The
optimal conditions of the biosynthesis were 35 °C, followed by incubation for 30 h, 7 pH, 0.7 O.Dgg of
bacterial broth, carbon sources of glutamic acid and glucose, and ammonium sulfate as the nitrogen
source. Biosynthesized Y-PGA NPs were characterized using X-ray diffraction (XRD), Zeta sizer,
Fourier transform infrared (FI-IR), transmission electron microscopy (TEM), and nuclear magnetic
resonance ({\HNMR). The TEM study showed the formation of oval-shaped Y-PGA NPs with sizes
31.75-32.69 nm, 18.63-21.66 nm, and 37.57-39.22 nm for B4, B5, and B6, respectively. XRD, FT-IR, and
"HNMR confirmed the purity of the polymer. The hemolysis rates of the biosynthesized Y-PGA NPs
were below the acceptable value. Moreover, the cytotoxicity test conducted using an MTT assay on
peripheral blood mononuclear cells (PBMCs) revealed no significant effect on the cell viability within
a dose range of up to 512 pg/mlL.
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1. Introduction

Broad interest in the possible biodegradation of polymers has developed only in recent
years. They can be divided into two categories, synthetic and natural ones. Synthetic
polymers can be used in many industrial and medical applications because of their good
mechanical properties, as well as their inability to degrade them. One of these applications
is orthopedic devices [1]. Natural polymers have good biological, biocompatible properties
and a low degradation rate, so they can be used in medical applications. One of these
biodegradable polymers is PGA, which is a non-immunogenic homopolymer [2]. PGA is
differentiated into two isoforms, (x) and (Y) PGA, depending on the attachment of the car-
boxy group. a-PGA can be synthesized chemically via the polymerization of the Y-protected
N-carboxyanhydride of glutamic acid, while x-PGA cannot be produced microbially [3].
¥-PGA has been synthesized using bacteria, especially genera of the Bacillus species [4],
and fungi. Bacteria involved in y-PGA synthesis are mostly Gram-positive bacillus species,
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and depending on their need for glutamate, they are classified into glutamate-dependent
or non-dependent [5]. Y-PGA can either be composed of only D-glutamic acid residues
(v-D-PGA), L-glutamic acid residues (yv-LPGA), or both of them (y-LD-PGA). y-PGA is
different from other proteins because it is polymerized in a ribosome-independent manner
inside the cell via y-amide linkages [6,7]. Thus, substances that inhibit the translation of
proteins cannot affect its production, and it is also resistant to proteases, which cleave
the a-amino linkages [8]. Hence, in this study, the authors decided to use ¥-PGA as a
biomaterial polymer. Furthermore, Y-PGA can exist either in a water-insoluble free-acid
form or as a salt of a variety of cations, such as Mg?*, Na*, or K*, which are completely
soluble in water [3,8].

During v-PGA biosynthesis, L-glutamic acid units that makeup y-PGA can be derived
via the glutamic acid biosynthetic pathway. L-glutamic acid units can be obtained either
exogenously or endogenously [9].

L-glutamic acid endogenously is produced by converting a carbon source via acetyl-
CoA and TCA cycle intermediates. Then, x-Ketoglutaric acid from the TCA cycle is used
as the direct precursor of glutamic acid synthesis [9]. In the case of exogenous, L-glutamic
acid can be converted into L-glutamine by the enzyme glutamine synthase. In addition,
L-glutamine is a precursor of Y-PGA. ¥-PGA biosynthesis needs the pgsBCA genes that lie
on large plasmids or chromosomes [10,11]. Capsule (cap) genes and pgs (polyglutamate
synthase) genes are required to release v-PGA when it is associated with a capsule (as in
Bacillus anthracis) [8].

The Mw of ¥y-PGA can vary according to many factors, such as the used strain of
bacteria or fungi, the chemical components of the media, and the physical conditions.
Some studies have produced high and low Mw of v-PGA, ranging up to 2000 kDa, which
could be applied in many fields according to the Mw value, such as in food and water
applications [12], and in the bioengineering field. y-PGA with a high Mw is preferable for
applications such as the construction of scaffolds and hydrogels [13-15], while low-Mw
¥-PGA is desirable for drug delivery applications, thus allowing for the diffusion of the
molecules [14-19]. Moreover, the y-form of PGA has been used in several applications
in the biomedical field [3], either in the development of nanosystems for the controlled
release of drugs; tissue regeneration; biodegradable fibers; hydrogels; biological adhesives;
thickeners; humectants; and a broad range of industrial fields, such as cosmetics, water
treatment, and food [11].

Nanotechnology has been applied in the medical field for drug delivery, disease
treatment, enhancing treatments, etc. This is because nanoparticles have unique physical
and biological properties because of their characteristic sizes, which affect their prop-
erties [16]. Nanoparticles have many additives in polymeric matrices, with the goal of
improving not only their bioactivity but also their mechanical strength, hydrophilicity,
and tissue-attracting strength. Moreover, small-size nanoparticles have been found to be
more efficient as antimicrobials and anti-tumor agents because they can pass through cell
walls [17]. Knowledge of the interactions between human cells and nanoparticles has great
importance for the design of non-toxic medical applications [18].

Peripheral blood mononuclear cells (PBMCs) include lymphocytes (T cells, B cells, and
NK cells), monocytes, and dendritic cells. Recent works have studied the various in vitro
cytotoxicity values of nanoparticles with respect to cell type and size. Cell-mediated immu-
nity includes different cells. These cells include T cells (i.e., CD8*, CD*, and v/5 T cells)
and T cell-derived cytokines that play an important role in the defense against microbial
infections. It was found that T cells have the ability to proliferate in response to each
antigen. Among the existing cytokines, IFN-Y is a key cytokine in the control of bacterial
infections. It is secreted by T cells and Natural Killer (NK) cells, which play an impor-
tant role in the activation of macrophages, which kill intracellular bacterial infections [19].
Moreover, Mast cells participate in inflammation and allergies by secreting many pro-
inflammatory mediators [20]. Furthermore, monocytes are important in anti-inflammatory
and inflammatory processes.
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In the present study, we used PBMCs in the cytotoxicity test in order to study y-PGA
NPs’ effect on the immune system.

Previous studies focused on changing parameters to get more y-PGA yield to be
used for the applications mentioned above. No paper studied getting small-sized Y-PGA
NP to be used as a biopolymer agent. For example, Xu et al., 2019 focused on the Y-
PGA yield produced using a metabolically engineered Corynebacterium glutamicum ATCC
13032, carrying capBCA. They found that C. glutamicum ATCC 13032 produced y-PGA up to
11.4 g/L, showing a higher titer compared with C. glutamicum F343 expressing pgsBCA [21].
Wei et al., 2014 studied the effects of multiple physicochemical stresses on the production
and synthetase genes transcription of Y-PGA using Bacillus licheniformis WX-02. They
showed that the maximum Y-PGA yield reached 29.34 g L~! [22]. Also, Qiu et al., 2019
found that Bacillus amyloliquefaciens NX-25154 was obtained through atmospheric and room
temperature plasma mutagenesis, which produced 14.83 £ 0.31 g/L of yv-PGA [23]. In
the present work, we studied the effect of many factors to produce nano-sized y-PGA. As
mentioned in previous works, small-sized nanoparticles are more effective in many medical
applications, such as using them as antimicrobial agents [24].

Interestingly, there were studies about the cytotoxicity of v-PGA-based nanoparticles.
As concluded by Pisani et al., 2019, Y-PGA /chitosan showed an initial 80% cell viability on
human dermal fibroblasts. Therefore, we surmised that biosynthesizing a biodegradable
NP may be non-toxic for normal cells and highly effective for biomedical applications [25].
Therefore, we surmised that biosynthesizing a biodegradable NP may be non-toxic for nor-
mal cells and highly effective for biomedical applications. We also aimed to biosynthesize
NP with negligible cytotoxicity, because some metal nanoparticles showed cell viability
around 90% as shown by Lv et al., 2021 who tested Ag nanoparticles against L929 fibroblast
cells [26].

Consequently, in this study, biodegradable Y-PGA NPs were biosynthesized in small
sizes, which were not previously obtained. Different concentrations of NPs were tested for
their safety towards blood hemolysis and PBMCs were used for further medical applications.

2. Materials and Methods
2.1. Isolation and Screening of Bacillus Isolates for the Ability to Synthesize Y-PGA NPs

For bacterial isolation, samples were prepared by adding 10 gm of each sample into
100 mL saline solution. Those samples were dried manure, skim milk, and dried poultry
manure. Then, suspensions were incubated with shaking for 30 min, and 0.1 mL of each
sample was inoculated for bacterial isolation using an NA medium. Pour, surface, and soil
plate methods were performed with incubation at 30, 35, and 40 °C, and a Gram stain was
carried out to confirm the isolates [27].

For v-PGA NPs biosynthesis, each bacterial isolate was allowed to grow aerobically
for 24 h at 37 °C in 100 mL of a medium containing 1 g polypeptone, 0.2 g yeast extract,
and 0.1 g MgSO,4.7H;0. Biosynthesis of v-PGA NPs was maintained by annealing bacterial
cells for 10 min at 60 °C to form spores. The spore suspension (0.5 mL) was inoculated into
100 mL of the sterilized medium, adjusted to pH 7.5, in 500 mL flasks containing 1 g of L-
glutamic acid, 2 g glucose, 0.5 g ammonium sulfate, 0.1 g KH;POy, 0.1 g Na,HPO,.12H,0,
0.05 g MgS504.7H;0, 0.002 g MnSO4.nH;0, 0.005 g FeCl3.6H,0, 0.02 g CaCl,, and 50 ug
biotin (vitamin H). Cultivation was performed aerobically with shaking (120 rpm) at
37°C[12].

2.2. Isolation and Purification of y-PGA NPs

This was performed according to Goto and Kunioka, 2005 [28], with some modifica-
tions as follows.

First, the fermented liquid was centrifuged at 12,000 x g for 5 min at 4 °C. Then, the
pH of the supernatant was adjusted to 3.0 with H»SO4 (6 M) and incubated for 12 h at 4 °C.
Then, the solution was filtered, diluted with three folds of 70% ethanol, and left for half an
hour for precipitation. Afterward, centrifugation was performed for 5 min at 20,000 rpm



Microbiol. Res. 2023, 14

1723

at room temperature and the precipitate was dissolved in 0.2 M HCl, then the pH of the
media was adjusted to 8.0 using 0.1 M NaOH. The solution containing y-PGA NPs was
then purified through dialysis three times against distilled water at 25 °C [12].

2.3. Characterization of the Biosynthesized Y-PGA NPs

Visual observation of the change of culture filtrate viscosity indicates the formation
of v-PGA NPs concomitant to bacterial growth [29]. To determine the average size of the
biosynthesized y-PGA NPs, laser diffractometry, using Zeta sizer nano-series (Nano ZS)
Malvern Instruments, Malvern, UK was used. Measurements were taken in the range
between 0.6:6000 nm. Isolates that synthesized the smallest NPs were further identified by
PCR technique.

2.4. 16S rRNA Gene Sequencing for the Molecular Identification of the Selected Isolates

The molecular identification of the selected isolates was determined based on sequenc-
ing of the 165 rDNA gene at the Sigma lab.

Total genomic DNA was extracted, using GeneJet genomic DNA purification Kit
(Thermo), for PCR [30]. The bacterial precipitate of 2 mL nutrient broth culture was
resuspended in 180 pL of digestive solution 20 uL of Proteinase K Solution was added, then
the sample was incubated at 56 °C while vortexing. After that, 20 uL of RNase A Solution
was mixed and the mixture was incubated for 10 min at 37 °C. The solution was lysed
using 200 puL of Lysis by vortexing for about 15 s. Then, 50% ethanol (400 nL) was added.
After that, the prepared lysate was transferred to a Gene]ET™ Genomic DNA purification
column and inserted in a collection tube, which was centrifuged for 1 min. The extracted
DNA was then used as a template for PCR with the primers F: 5'- AGA GTT TGA TCC TGG
CTC AG-3' and R: 5'- GGT TAC CTT GTT ACG ACT T-3'. The total volume of the PCR
reaction was 50 puL. PCR amplifications were performed with the temperature profile cycles
described by Prasad and Turner, 2011 [31]. After that, PCR reaction products were analyzed
by agarose gel electrophoresis. The product was then purified, subjected to sequencing
PCR using the Gene]ET™ purification column, and sequenced at GATC Company with
ABI 3730x] DNA sequencer (Germany). Afterward, DNA sequences were used for BLAST
and phylogenetic analysis [32].

2.5. Optimization of the Biosynthesized Y-PGA NPs

Five parameters related to the studied medium, namely temperature (30, 35, 40, and
50 °C), incubation time (12, 24, 30, 36, 48, and 72 h), pH (6, 7, 8, 9, and 10), carbon and
nitrogen sources (Table 1), and bacterial O.Dgg (0.5, 0.7, and 1), were adjusted to optimize
the biosynthesis of the y-PGA NPs.

Table 1. Different carbon and nitrogen sources into the media to produce ¥-PGA NPs.

1st C and N Source 2nd C and N Source 3rd C and N Source 4th C and N Source

Glutamic acid Glucose Citric acid Glutamic acid
Glucose Ammonium Sulfate Ammonium Sulfate Glucose
Ammonium sulfate KH,POy4 KH;POy4 KH,POy4
KH2P04 NazHPO4.12H20 NazHPO4.12H20 NazHPO4.12H20
NazHPO4.12H20 MgSO47H20 MgSO47HZO MgSO47H20
MgSO4 .7H2O MIISO4 .IleO MnSO4 .IleO MIISO4 .nHZO
MHSO4 .I‘leO FeCl3 6H20 FeCl3 6H20 FEC13 6H20
FeCl3.6HZO CaClz CaClz CaClz
CaCl, Biotin
Biotin

2.6. Characterization of the Optimized Biosynthesized Y-PGA NPs

XRD experiments were performed on a PANalytical (Empyrean) X-ray diffraction
(analytical-x” pertpro, Cukal radiation, A = 1.5404 A, 45 kV, 40 mA, The Netherlands)
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by Cu-Ka radiation operating with a CuKoa2 (A = 0.154060 nm). The applied current
and the accelerating voltage were 30 mA and 40 kV, respectively, as described by Chen
et al., 2018 [33]. Bruker spectrometer was utilized to record FT-Raman spectra (Thermo
Fisher Scientific Inc., Pittsburgh, PA, USA) before and after the adsorption of Cd*? metal
ions [33]. The wavenumber range of 4000400 cm !, with a resolution of 0.5 cm~!. An
automated routine co-added 7200 interferograms collected at the given resolution and
the resultant interferograms were Fourier transformed. TEM images were taken, with
200 kV acceleration voltage, by JEOL-JEM 2100 (Japan). 'H NMR DEPT-Q (Switzerland)
was performed using the Bruker instrument at 400 MHz after dissolving the sample into
heavy water (D,0) [34].

2.7. In Vitro Hemolysis Assay

This study was approved by the institutional review board of Beni-Suef University,
Egypt (BNS/2021/10). All experiments were performed in accordance with Beni-Suef
University guidelines. Informed consent was obtained from all the participants.

The hemolysis assay was conducted as stated by Khan et al., 2015 [35], with some
modifications. To separate serum and collect fresh red blood cells (RBCs), a total of 2 mL of
blood containing 1 mL EDTA was immediately centrifuged at 2500 rpm at 4 °C for 5 min.
RBCs were washed 3 times and diluted with PBS to reach a 4% hematocrit. Then, 50 uL
was taken to 50 pL of each of the utilized nanopolymer concentrations (1, 2, 4, 8, 16, 32,
64, 128, 256, and 512 pg/mL), deionized water and PBS served as positive and negative
control, respectively. All preparations were conducted in triplicates and incubated for 8, 12,
24, and 48 h, at 37 °C. After that, the ELISA (Tecan Group Ltd., Mannedorf, Switzerland)
test was used to assess the absorption of hemoglobin in the supernatant at 570 nm [36].
Hemolysis percent was calculated as percent hemolysis (%) = [(sample absorbance —
negative control)/(positive control — negative control)] x 100% [37].

2.8. In Vitro Cytotoxicity
2.8.1. Toxicity Tests in PBMCs

To investigate the immune response to v-PGA NPs, mononuclear cells (monocytes and
lymphocytes) were separated with a glycerol density gradient, according to Aimola et al.,
2013 [38]. Blood samples (2 mL) were collected in tubes with EDTA and then diluted two
times with PBS (pH 7.2). Afterward, blood (1 mL) was combined with 1 mL of glycerol
gradient (1.077 g/mL). The glycerol gradient was carried out by adding 1.68 mL into
25 mL of sterile water. NaCl (1.2) was added, making up 10% of the total volume [38].
The integrity of the isolated cells necessitates a gradient isotonic with the intracellular
environment which in turn is necessary for the cell isolations [39]. Samples were then
centrifuged for 30 min at 2500 rpm. The buffy coat layer, with mononuclear cells, was warily
assembled in sterile conditions using a disinfected pipette and then moved to sterile tubes.
PBS was used to wash cells three times, then cells were cultured on RPMI 1640 medium
augmented with L-glutamine for 24-72 h at 37 °C in a humidified atmosphere of 5% CO5,
in order to stimulate cells proliferation.

2.8.2. Cytotoxicity by MTT Assay

After incubation with RPMI, 10° cells/well were transferred into 96-well culture plates
with the tested concentrations of -PGA NPs and incubated for 24 h at 37 °C. Next, cells
were incubated with 20 puL of MTT for 4 h at 37 °C. Finally, DMSO (50 puL) was added
for the solubilization of the formed formazan crystals. The experiment was conducted in
triplicate. After that, an ELISA reader (Tecan Group Ltd., Mannedorf, Switzerland) was
used to determine the absorbance at 550 nm. Human PBMCs treated with PBS served as
negative controls [36].



Microbiol. Res. 2023, 14

1725

2.9. Statistical Analysis

One-way analysis of variance (ANOVA) was used for statistical analysis of in vitro re-
sults. The p < 0.05 was ascribed as statistically significant. The one-way analysis of variance
was used to determine statistical differences between groups (SPSS version 20 software,
Chicago, IL, USA). All the biological quantitative data are presented as mean =+ standard
deviations (SD).

3. Results and Discussion
3.1. Ability of Bacillus spp. Isolates to Biosynthesis v-PGA NPs

Bacilli have been indicated for their ability to synthesize y-PGA. Here, seven isolates
were tested for producing y-PGA. Primary identification using Gram stain was allowed
to obtain this test. Of note, the viscosity of the isolates’ filtrate was increased, which is
indicative of the biosynthesis of Y-PGA. Sizes of v-PGA NPs biosynthesized from each
isolate were recorded in (Table 2) and (Figure 1). It is clear that isolates encoded B4, B5, and
B6 could synthesize the smallest NP sizes.

Table 2. Particle size of Y-PGA NPs synthesized by Bacillus spp. isolates.

Microbial Isolates Y-PGA NPs Size (nm)
B1 340
B2 342
B3 615
B4 218
B5 190
B6 220
B7 615

y-PGA Screening

y-PGA Number

0 200 400 600 800 1000 1200

Size Distribution

——B1 —B2 B3 B4 B5 B6 B7

Figure 1. Relation between size distribution of Y-PGA NPs and screened bacterial isolates.

3.2. Molecular Identification and 165 rDNA Sequence-Based Phylogenetic Analysis of the Isolates

The USA database of the National Center for Biotechnology Information (NCBI),
using the Basic Local Alignment Search Tool for Nucleotides (BLASTN), was performed
to align the sequences of 16S rDNA gene of the isolates and compare them with those
in the GenBank, and a phylogenetic tree was drawn using Mega (version 7) as shown in
(Figure 2).
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MZ363960.1 Bacillus sp. (in: Bacteria) strain 907R Seq375 R1 6 16S ribosomal RNA gene partial sequence
MZ976779.1 Bacillus sp. (in: Bacteria) strain AHM 16S ribosomal RNA gene partial sequence
MZ976778.1 Bacillus sp. (in: Bacteria) strain JUM 16S ribosomal RNA gene partial sequence
0OL519169.1 Bacillus cereus strain 15SP1 16S ribosomal RNA gene partial sequence
OK350064.1 Bacillus toyonensis strain SA04 16S ribosomal RNA gene partial sequence
0OK384566.1 Bacillus cereus strain PW4 16S ribosomal RNA gene partial sequence
0OK652577.1 Bacillus cereus strain ATCC 14579-B565 16S ribosomal RNA gene partial sequence
0OL477578.1 Bacillus cereus strain MBBL15 16S ribosomal RNA gene partial sequence
OK376265.1 Bacillus mycoides strain SGB L01 16S ribosomal RNA gene partial sequence
OK298653.1 Bacillus sp. (in: Bacteria) strain F2-93b 16S ribosomal RNA gene partial sequence
OK376280.1 Bacillus pseudomycoides strain SGB 7.5 16S ribosomal RNA gene partial sequence
_E MZ544491.1 Bacillus cereus strain RL1 16S ribosomal RNA gene partial sequence
0OL477445.1 Bacillus tropicus strain MBBL12 16S ribosomal RNA gene partial sequence
MT789011.1 Bacillus albus strain IN 105 16S ribosomal RNA gene partial sequence
MT804655.1 Bacillus nitratireducens strain SQ39 16S ribosomal RNA gene partial sequence
MT804652.1 Bacillus Iuti strain SQ31 16S ribosomal RNA gene partial sequence
_DOK350055 1 Bacillus pseudomycoides strain SE15 16S ribosomal RNA gene partial sequence
MT823300.1 Bacillus paranthracis strain VITRJ2 16S ribosomal RNA gene partial sequence
0OL519540.1 Bacillus cereus strain 75S02 16S ribosomal RNA gene partial sequence
MZ956153.1 Bacillus sp. (in: Bacteria) strain MAL 16S ribosomal RNA gene partial sequence
MZ377302.1 Bacillus cereus strain EG4 16S ribosomal RNA gene partial sequence
KF793820.1 Bacillus sp. ECL3 16S ribosomal RNA gene partial sequence

—

1.00

Figure 2. Phylogenetic analysis of 165 rRNA sequences of the isolates B4, B5, and B6.

The sizes of the 165 rRNA ribosomal PCR amplified products were 917, 492, and
498 bp for B4, B5, and B6, respectively. The 165 rRNA gene sequences showed 98.5, 99, and
99.8% similarity with Bacillus spp. in the GenBank database [40].

Bacterial isolates encoded B4, B5, and B6 have accession numbers of MZ976779,
MZ976778, and MZ956153, respectively. They were proposed to be named Bacillus benisue-
fensis sp. nov., Bacillus nileeastensis sp. nov., and Bacillus naeemensis sp. nov., for B4, B5, and
B6, respectively.

3.3. Optimization of the Conditions of y-PGA NPs Biosynthesis

In the current study, several methods were used to biosynthesize small y-PGA NPs.
Conditions that gave the smallest size of v-PGA NPs for the three bacterial strains were
(35°C, 30 h of incubation, 7 pH, group no. 1 of C&N sources, and 1 O.Dgyy of the
bacterial growth).

The smallest size was synthesized using glutamic acid and glucose as carbon sources,
ammonium sulfate as nitrogen source, and bacterial O.D was 0.7. In this study, the particle
size decreased with increasing temperature up to 35 °C, incubation time up to 30 h, and
pH up to 7. After that, v-PGA particle size increased. A remarkable increase in the particle
size of the biosynthesized ¥-PGA NPs was observed with citric acid as a carbon source and
glutamic acid as a nitrogen source. It is notable that previous papers studied changed the
chemical composition of the microbial media to increase the Y-PGA yield. This was shown
by Shih and Van (2001) [11] who succussed in order to increase the Y-PGA yield by using
20 g/L L-glutamic acid, 12 g/L citric acid, 80 g/L glycerol, 7.0 g/L NH4Cl, 0.5 g/L MgSOy,
0.04 g/L FeCl3.6H,0, 0.5 g/L K;HOy, and pH 7.4 with NaOH, and incubating for 34 days
that allowed v-PGA production of 15 g/1 by using B. licheniformis ATCC9945A.

Previous papers did not study the effect of chemical, physical, or biological conditions
on V-PGA size but they studied the effect of some parameters on y-PGA yield. In that
context, Ko and Gross, 1998 [9] proved that Y-PGA produced with low yield at high pH,
while they found that ¥-PGA yield increased from 22 to 48 h. In the same context, Shih and
Van, 2001 [11] concluded that y-PGA yield was highest at pH 6.5 and 96 h.

3.4. X-ray Diffraction and Microstructure Analysis of Y-PGA NPs

The XRD pattern of ¥-PGA NPs synthesized by the three strains demonstrated that
it exists in the salt form (Figure 3), which proves the first result of the produced soluble
solution, as mentioned before by Ogunleye et al., 2015 [4]. The main peaks of potassium
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poly gamma glutamate appeared at 21, 25, and 31°0 and a broad peak between 20 and
30°6. The broad peak between 21 and 32°0 proves ¥-PGA presence. Moreover, wide peaks,
which prove the amorphous phase of the specimen, observed at these angles appeared due
to the polymer chains of Y-PGA [41]. Another study by Panda et al., 2021 [42] found that
the pure PGA showed a semi-crystalline diffraction peak of 26 value at around 22.68°.

XRD Results

450

400

N NG W W
o u o u
S © o© o

Intenesity

=
wu
=)

9 12 15 18 21 24 27 30 33 36 39 42 45 48

2 theta (°)

—B4 -B5 B6

Figure 3. XRD peaks of Y-PGA NPs synthesized from the Bacillus strains.

Compared with previous work, this broad peak is consistent with that reported by
Lee et al., 2011 [43], who showed that v-PGA was produced into the medium with broad
peaks at 21 and 31°6. Also, Chen et al., 2018 [33] demonstrated the broad peak of v-PGA
between 20 and 30°0.

Also, sharp peaks at 21, 25, and 31°0 prove the crystalline nature of K* as indicated
by Liu et al., 2018 [44]. So, these peaks prove the presence of potassium poly-gamma-
glutamate. On the other hand, crystalline peaks doped inside the hump one may prove the
poly-crystalline nature of the potassium poly-gamma-glutamic acid.

3.5. FT-IR of y-PGA NPs

FTIR analysis was studied to confirm the biosynthesis of y-PGA NPs by the selected
isolates, showing the similarity of such figures indicating the biosynthesis of v-PGA NPs;
however, these figures have some observed changes and shifts in transmission spectra in
the range of 500-4000 cm !, as presented in (Figure 4a—c). The FTIR bands approximately
between 900 and 650 cm ™! presented the amid groups of y-PGA [45]. Preparation of y-PGA
NPs behavior in salt solutions with different ionic valence numbers. The slight shift of the
bands of y-PGA indicated the influence of bacterial isolates in the biosynthesis of Y-PGA
NPs. This shift, at band 2365 cm ! in (Figure 4b,c) which was at 2111 cm~tin (Figure 4a),
may be due to the presence of slight traces of polysaccharides.

As shown in Figure 4, a characteristic band for the carboxylic acid salt appeared at
1597 cm~ 1. Also, the distinctive absorption of the C=0 in secondary amides (amide I
band) appeared overlapping the characteristic band for -COO~. Additionally, the typical
vibration bands of Y-PGA NPs were also revealed in FT-IR analysis at wavelengths 1567,
1123, and 616 cm~! with high intensity. As appeared in FT-IR analysis, absorption for
potassium ¥-polyglutamate in KBr pellets was as follows: Amide I, bending N-H band at
1567 cm~!, Amide II, inconspicuous stretching band because of the strong ionic complex-
ation, symmetric C=0O stretching band at 1412 cm !, stretching C-N band at 1123 cm ™!,
bending N-H band at 616 cm L. Also, the transmission band at 3449 cm ! is a characteristic
of the O-H stretching vibration of the hydroxyls in the carboxyl groups with high inten-
sity. Similarly, Chen et al., 2018 [33] observed FT-IR bands at 3427 cm~! and 2973 cm ™!
because of the stretching vibrations of O-H and N-H and -CH and -CH2, respectively.
These results also agree with bands observed by Ogunleye et al., 2015 [4]. In the same
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context, Panda et al., 2021 [42] presented that the FT-IR bands of ¥-PGA resemble the bands
observed in this study.
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Figure 4. (a—c) FT-IR spectra of Y-PGA NPs synthesized by B4, B5, and B6, respectively.
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Figure 4b,c showed more similarity at 848 cm !, 1545 cm~!, and 2372 cm !, which
slightly differ from that presented in Figure 4a. These results might be correlated to the
bacterial isolates polysaccharides that are produced during the y-PGA NPs biosynthesis.
Interestingly, the polysaccharides present in the specimens were of few amounts because of
the absence of extra bands of other function groups.

The area under bands at the three IR data (Figure 4) shows the similarity between
them in the purity of biosynthesized Y-PGA NPs. The FTIR data confirmed the biosynthesis
of Y-PGA NPs by the Bacillus spp.

3.6. TEM Imaging

The TEM micrographs (Figure 5a—c) show the morphology and size of y-PGA NPs.
The y-PGA NP particles are in an oval shape with a size of y-PGA NPs 31.75-32.69 nm,
18.63-21.66 nm, and 37.57-39.22 nm for B4, B5, and B6, respectively. No previous works
imaged the shape or size of v-PGA NPs, while some previous studies used ¥-PGA as a drug
carrier for the desired nanoparticle and measured their total size. A previous study by
Pereira et al. (2012) [46] showed that Ch/¥-PGA nanocomplexes were almost spherical in
shape with a size of 100-200 nm. Hajdu et al. (2008) [47] imaged Ch/Y-PGA using TEM,
which showed them as spherical with 500 nm. Also, TEM images of Nguyen et al., 2019 [48]
for y-PGA /Alum showed a particle size of 1294.67 £ 13.32 nm.

(b)

()

Figure 5. (a—c) TEM images of oval Y-PGA NPs biosynthesized by B4, B5, and B6, respectively.

3.7. NMR Results

'H NMR spectrum complements FT-IR analysis of Y-PGA NPs. As shown in Figure 6,
the chemical shift in ppm at 1.96-2.2, 2.24, 3.55-3.80, and 8.37 ppm represents protons of
-CH2, y-CH2, a-CH2, and amide, respectively. So, they are consistent with the positions
of the peaks of the standard y-PGA NPs. These data are compatible with those of Akagi
et al., 2007 [6]. Thus, 'H NMR and FT-IR spectra coincided with the expected spectra for
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Amide

¥-PGA NPs. Furthermore, the high quality and purity of the biosynthesized v-PGA NPs
were inferred from the almost absence of additional unexpected signals in the spectra,
which ensures the data of FI-IR. Similarly, Anju et al., 2017 [49] showed the peaks of v-PGA
at ppm 1.95-2.07 ppm (3, 2H), 2.26-2.28 ppm (¥, 2H), and 3.66-3.69 (x,1H). On the other
hand, Khalil et al., 2016 [34] indicated impurity peaks at IH NMR result of ¥y-PGA which is
produced by B. subtilis.

(c)

Figure 6. (a—) TH-NMR spectrum of Y-PGA NPs synthesized by B4, B5, and B6, respectively. The
peak of 4.7 ppm corresponds to the D,O used as a solvent.

3.8. Hemolysis Assay

To evaluate the biocompatibility of the nanocomposites, hemolysis rates of y-PGA NPs
were detected. They were acceptable (Figure 7) since negligible hemolysis was detected.
Those data were acceptable even at high concentrations of Y-PGA NPs (528 pg/mL), which
was less than 4 % (* p < 0.05), as shown in (Table 3). 3.9 That may be because Y-PGA NPs’
different concentrations did not stimulate osmotic hemolysis of the whole blood [50]. Also,
there was a slight van der Waals force between the y-PGA NPs and the blood, as well as
there was negligible interaction between them and red blood corpuscles [51]. Thus, the
¥-PGA NPs could be exploited in applications incorporating blood contact.

Some previous works studied the effect of other nanoparticles or nanocomposites
against blood. One of those works was allowed by Lu et al., 2018 [52], who proved that the
Ch-Au@MMT nanocomposites yielded hemolysis rates below the acceptable value of 10%,
even when the nanocomposite concentration was as high as 128 uM (much higher than
their respective MIC), while Khan et al., 2015 [26] found that TiO, and ZnO nanoparticles
showed 52.5% and 65.2% hemolysis, respectively, at 250 ppm.
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Hemolysis Results
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Figure 7. Hemolysis in human erythrocytes treated with Y-PGA NPs.

Table 3. Hemolysis effect of Y-PGA NPs.

V-PGA NPs Hemolysis %
Concentration (ug/mL) Sh 12h 24 h 48 h
1 1+ 0.024 1.8 £0.031 2.2 +£0.023 3 £ 0.047
2 1.3 +£0.028 1.8 £0.036 2.3 £0.026 3.4+ 0.04
4 1.4 +£0.035 1.9 £0.019 2.3 +0.021 3.5+ 0.042
8 1.5 +0.032 1.9 £0.025 2.4 +0.014 3.5+ 0.041
16 1.5 +£0.031 1.9 £ 0.042 2.5+0.019 3.5+ 0.032
32 1.5+ 0.03 2.0 £ 0.012 2.5+ 0.023 3.7 £0.029
64 1.6 +0.022 2.0 +0.043 2.5 +0.027 3.7 £0.04
128 1.6 +0.022 2.0 £0.04 2.6 £0.037 3.8+ 0.019
256 1.7 £ 0.024 2.1 +0.035 2.7 +0.038 3.8 +0.034
512 1.7 £0.025 2.2 +0.035 3 £0.039 3.9 +0.02

Data are expressed as mean + S.D.

3.9. Impact of the v-PGA NPs on Cell Viability in PBMC

After the treatment of proliferative blood cells with the different concentrations of
¥-PGA NPs for 24 h, cell viability was investigated using an MTT assay. No remarkable
changes in the PBM cell number were observed (Figure 8). Up to 512 pg/mL, Y-PGA NPs
maintained high cell viability over 90% (* p < 0.05), as shown in (Table 4). This proves the
safety of Y-PGA NPs on the immune system.

The physical properties of NPs such as surface and size determine their biological
impact. NP shapes such as spherical, and rod shapes showed unselective cytotoxicity and
spherical-shaped NPs decrease cell viability in human cells, as proved by Reddy et al.
2007 [53].

Previous studies have determined that toxicity occurs in a cell-dependent manner. So,
as discussed by Hanley et al., bacterial cells are killed at lower NP concentrations than
human T cells [54]. Knowing that PBMC consists of NK cells and lymphocytes (B cells and
T cells), PBMC consists of about 45-70% T cells. Also, the outside environment of human
cells is a positive charge that determines the NPs’ cytotoxic selectivity. Hence, normal
human cells cannot attract positively charged y-PGA NPs.

Nguyen et al., 2019 [48] showed that y-PGA /Alum has no cytotoxicity effect on bone
marrow-derived cell lines.
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Cytotoxicity Assay
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Figure 8. Cell viability test by MTT assay in PBMCs treated with different concentrations of Y-PGA
NPs for 24 h.

Table 4. The effect of Y-PGA NPs on PBMCs at different concentrations.

¥-PGA NPs Concentration (ug/mL) Percentage of Treated Cells
1 98 + 0.68
2 96 £ 0.2
4 96 & 0.48
8 95+ 0.57
16 94 +0.29
32 93 4+ 0.63
64 93 +0.21
128 92+0.3
256 90 +0.73
512 90+ 0.4

Data are expressed as mean + S.D.

On the other hand, some papers focused on uploading drugs on ¥-PGA, as indicated
by Tsai et al., 2014 [55], who tested the effect of Y-PGA /doxorubicin (DXR) on hepatoma
cells. They noticed that the cell viability for 500 ng/mL Y-PGA/DXR was 66.5%, due to the
increased uptake of DXR.

4. Conclusions

In the present study, Bacillus spp. isolates were isolated using different sources. Those
isolates were used to biosynthesize y-PGA NPs. y-PGA NPs were purified, and their
sizes were measured using a Zeta sizer instrument. After detecting that B4, B5, and B6
produced the smallest Y-PGA NPs size, they were identified using 165 rRNA, and different
chemical, physical, and biological conditions were adjusted to B4, BS, and B6 to optimize
the biosynthesis of the y-PGA NPs.

The 16S rRNA gene sequences showed 98.5, 97, and 99% similarity with Bacillus spp.
in the GenBank database. After that, the three bacterial isolates had accession numbers
of MZ976778, MZ976779, and MZ956153, respectively. They were proposed to be named
Bacillus benisuefensis sp. nov., Bacillus nileeastensis sp. nov., and Bacillus naeemensis sp. nov.,
for B4, B5, and B6, respectively.

Then, the purified y-PGA NPs have been characterized by XRD, TEM, FT-IR, and
'THNMR. XRD peaks at 21, 25, and 31°0 proved the presence of potassium poly gamma glu-
tamate, and the broad peak between 20 and 30°6 proved y-PGA presence. Moreover, wide
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peaks, prove the amorphous phase of the specimen. Of note, the 'H NMR spectrum comple-
ments FT-IR analysis of Y-PGA NPs. The chemical shift in ppm at 1.96-2.3, 2.24, 3.55-3.80,
and 8.37 ppm represents protons of 3-CH2, y-CH2, x-CH2, and amide, respectively.

Notably, the obtained results confirmed the consistency of a pure case of potassium
poly gamma glutamate. Moreover, morphological studies using TEM images showed the
formation of an oval shape with small particle size v-PGA NPs with sizes of 31.75-32.69 nm,
18.63-21.66 nm, and 37.57-39.22 nm for B4, B5, and B6, respectively. y-PGA NPs were
biosynthesized purely using the three new bacterial isolates. Furthermore, Y-PGA NPs
showed no hemolysis results, i.e., negligible hemolysis was detected even at high concen-
trations of v-PGA NPs (512 pg/mL).

Using PBMC to detect y-PGA NPs cytotoxicity against the immune system, there was
no effect on cell viability. The report of the present study conclusively is to biosynthe-
size eco-friendly NPs with small particle sizes in order to be used in many biomedical
applications safely.
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