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Abstract: The menace of antimicrobial resistance continues to increase and hence the need to
discover new antibiotics, especially alternative and effective sources such as hybrid organic-inorganic,
organic-organic materials, and other combinations. In this study, an antimicrobial hybrid supra-nano
material was prepared by the bi-titration synthesis method of chitosan (CS) and ZnAl layered double
hydroxide. Fourier-transform infrared spectrometer (FTIR), thermogravimetric and differential
thermal gravimetric (TGA/DTG), ultraviolet-visible (UV-Vis), X-ray diffraction (XRD), and scanning
electron microscopy (SEM) analyses indicated that the ZnAl/CS hybrid exhibited low crystallinity with
high thermal stability. The results of ZnAl/CS characterization showed the characteristic properties of
the individual components ZnAl and CS, indicating a successful preparation of the ZnAl/CS hybrid.
The antibacterial tests revealed that the ZnAl/CS hybrid possessed an enhanced antimicrobial effect
against both Escherichia coli (E. coli, MTCC 739) and Penicilliumcyclopium (P. cyclopium, AS 3.4513).
Under the central composite design (CCD) of the response surface methodology (RSM) tool,
the parameters of the hybrid synthesis reaction were optimized and the result obtained was as
follows: reaction pH was 11.3, reagent Zn/Al ratio was 3.27, and chitosan concentration was 1.07 g/L.
After optimization, it was found that the antibacterial activity of ZnAl/CS was strengthened against
E. coli as evidenced by a widening of the inhibition zone of about 41.6%. The antibacterial activity of
ZnAl/CS was mainly due to the reactivation of the antibacterial activity of CS associated with the
release of Zn?* and AI3* metal ions in addition to ZnO, Al,O3, and ZnAl,Oy4 compounds resulting
from the method of preparation.

Keywords: ZnAl/CS hybrid; bi-titration method; antibacterial activity; optimization; CCD
design; kinetic

1. Introduction

Microbial pathogens are one of the leading causes of human morbidity in the world [1].
Unlike pathogens, antimicrobial agents have saved many lives and contributed to the development of
modern medicine over the past five decades [2]. In fact, it has been shown that antibiotics are very
effective against most fungi and pathogenic bacteria. However, the growing resistance of microbes
to a large number of antibiotics currently used has become a global health problem. Therefore, this
implies an urgent need for new improved antimicrobial drugs with molecular technology, which are
also strengthened to eradicate resistant strains.
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Recently, the use of hybrid materials at the supra-nanometric scale is an increasingly used approach
in the fight against antimicrobial resistance [3-5]. The construction of hybrid organic-inorganic materials
is arapidly growing field of materials chemistry, designed to produce advanced materials with improved
structure and functionality [6-8]. Among the candidate materials for hybrid formation, researchers
paid particular attention to layered double hydroxide LDH (ZnAl, inorganic) and chitosan (CS, organic).
They are of particular interest not only due to their individual properties, such as null toxicity and
allergenicity, good thermal stability, biocompatibility, intercalation, and ion exchange, but also for
their ability to exhibit an excellent combinationof physical, chemical, and mechanical properties in
addition to being cost-effective [9-11]. ZnAl and CS have lately been the focus of attention in a variety
of areas including chemical engineering, materials science, physics, and biomedical sciences [12-15].
In particular, CS, an abundant biopolymer obtained from the alkaline deacetylation of chitin by nitrogen,
has shown interesting antibacterial and antifungal activity against a wide range of microorganisms
compared to other polymers and biopolymers [16,17]. CS is a hydrophilic polyelectronic polymer that
contains positive charges in an acidic medium and its properties of fluid behavior can be influenced
by the molecular configuration, the number of hydrogen bonds, and the electrostatic repulsion of
neighboring molecules [18]. CS has reactive functional groups susceptible to chemical modification
and has been found to be a functional polymer for covalently grafting antioxidant/antimicrobial activity
onto its backbone [19]. The CS polymer has a significant content of primary amines and hydroxyl
groups, which gives it a high affinity for metal ions. It can be incorporated by simple chelation or ion
exchange [20], making it an excellent support for layered double hydroxide (LDH) synthesis.

ZnAl consists of positively charged brucite-type layers of divalent and trivalent metal hydroxides,
whose excess positive charge is compensated by anions and water molecules present in the
interstitial position. Among the heterostructured nanomaterials, layered double hydroxide (LDH)
was the subject of sustained attention as an inorganic component applied in many fields due to its
unique physicochemical and mechanical properties, which cannot be obtained from other similar
compounds [21].

Pathogenic Escherichia coli strains cause a variety of human diseases, which result in more than
2 million deaths each year [22,23]. With regard to Penicillium cyclopium, it attacks fuels and food
causing their degradation. This degradation of fuel is a major loss for the economy. Knowing that
the management of fuel reserves is one of the pillars of the global economy;, it becomes imperative to
focus on this fungus. In addition, these two types of microbes (E. coli and P. cyclopium) have developed
resistance to existing antibiotics, placing them on the list of microbes requiring urgent attention.

Zinc and CS have excellent antibacterial activity [24,25]. Supra-nano hybrids materials capable of
killing pathogens germs and preventing their colonization are desirable in several fields of application,
such as the food industry, the textile industry, and water purification and healthcare systems. One such
hybrid was prepared by Depan and Singh, 2010 [26] for application as an efficient drug carrier agent.
A study of Gohi et al., 2019 [27] has also reported the preparation of a hybrid with the same chemical
compounds (Chitosan, Zn, and Al) via a urea preparation method, which resulted in an effective
antimicrobial compound.

In this study, the idea is to modify the method of preparation of the ZnAl/CS hybrid with respect
to the preceding methods and to investigate the effects of the modification on the antimicrobial activity
of the compound in a medium having a pH of about 6 and more.

In order to obtain a stable antimicrobial material, the two compounds CS and ZnAl-LDH
were combined to form a hybrid material using the bi-titration method. The chemical,
mechanical, and physical characteristics of the compound were determined using FTIR,
thermogravimetric and differential thermal gravimetric (TGA/DTG), UV-Vis, XRD, and SEM analyses.
The antimicrobial activity of the hybrid was tested against the Gram-negative bacterium E. coli and
the fungus P. cyclopium. The antimicrobial synergistic effect and action mechanism of ZnAl/CS were
examined. Finally, an attempt was made to optimize the parameters for the preparation of the hybrid
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via central composite design (CCD) of response surface methodology (RSM) tool before performing
the kinetic study of the hybrid compound.

2. Results and Discussions

2.1. FT-IR Spectroscopy Analysis

Figure 1 shows the FT-IR spectra of CS, ZnAl, and ZnAl/CS. It shows the absorption bands at
3407 cm™! (hydroxyl groups (vO-H)) in the spectra of ZnAl/CS. The bands at 3436 and 3438 cm™~! of
CS and ZnAl, respectively, shifted to the place at 3407 cm~! [28,29]. The bands at 2879 cm™! were
ascribed to the -CH,— group (aliphatic group) of CS. While there was a similar weak shoulder peak
recorded at around 3000 cm™! on ZnAl, it was ascribed to the OH stretching mode of interlayer
water molecules hydrogen bonded to interlayer carbonate anions and appeared earlier on the hybrid
ZnAl/CS at 2919 cm™~!. This involved the birth of a bond (vC-H) between the hydrotalcite ZnAl and
the organic compound CS [26,30,31]. The peak at around 1633 cm™! on both CS and ZnAl appeared on
ZnAl/CS with a more intense absorption trend, indicating the formation of the “CO-NH bond between
the CS and ZnAl [26]. The band around 1384 cm™! corresponding to C-O stretching of the primary
alcoholic group and v3 (asymmetric stretching mode) of the carbonate anions showed the formation
of C=OH-O-M in the hybrid ZnAl/CS [32]. An intense absorption band was located between 1000
and 500 cm~!, the peaks in this range could be ascribed tothe vibrational modes of different groups
corresponding to N-H, M-O-M, and M-O (M = Zn or Al) [33,34].
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Figure 1. Spectra of (a) CS, (b) ZnAl-LDH, and (c)ZnAl/CS.

2.2. Thermal Analysis (TGA/DTG)

TGA and DTG curves of CS, ZnAl-LDH, and ZnAl/CS are shown in parts a, b, and c of
Figure 2, respectively. The hydration properties of CS polysaccharides depend on primary and
supra-macromolecular structure [35]. The decomposition of CS presented in two stages, the first one
occurred at 47-100 °C, due to loss of water molecules with weight loss of about 9% [36]. The second
stage corresponding to the primary degradation of pure CS happened at 247 °C, with a percentage
weight loss of about 34%with complete degradation at 550 °C, which was similar to that reported in
previous literature [35]. Generally, in CS, the decomposition process of the N-acetylated compound is
overlapped by the N-deacetylated unit, thereby increasing the widening process seen at temperatures
up to 400 °C [37]. The decomposition of ZnAl showed three mass loss events. The first one took
place between 250 and 300 °C, corresponding to 5.5% weight loss attributed to elimination of both
non-gallery surface adsorbed water and interlayer water molecules. The second event with2.5% weight
loss, corresponding to the dehydroxylation and decarbonation reactions of the brucite layers [38,39],
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happened from 300 to 450 °C. The third mass loss of around 7%began at 650 °C and extended to reach
800 °C. This series of ZnAl mass loss resulted in a total mass loss of 15%, which was significantly lower
than the mass loss of CS (43%). Three mass loss stages appeared in the TGA curve of ZnAl/CS (Table 1).
The first mass loss event, corresponding to the elimination of adsorbed water at the surface and between
LDH layers, was a8% weight loss completed by around 150 °C. From 150 to 250 °C (7%), there was
a second weight loss ascribed to the dehydroxylation of the LDH layers and partial decomposition
of the CS biopolymer. The third and last mass loss observed between 260 and 700 °C (13%) was
ascribed to complete oxidative elimination of the carbonaceous residue derived from initial biopolymer
degradation. Thus, ZnAl/CS recorded a total mass loss of about 28%. The results showed that the
thermal stability of ZnAl was more compared with ZnAl/CS and CS and ZnAl/CS were more thermally
stable than CS. The differential thermogravimetric (DTG) curves of the CS, ZnAl, and ZnAl/CS samples
are also shown in Figure 2. The DTG of CS presented two endothermic peaks at 80 °C and 295 °C,
while ZnAl also presented these two peaks at 250 °C and 300 °C. The maximum decomposition
temperature (DTGmax) of CS and ZnAl were recorded, respectively, as 295 °C and 300 °C, values close
to those reported elsewhere for CS [40] and different for ZnAl [41,42]. The DTG curve of ZnAl/CS
showed three endotherms peaks at 140 °C, 270 °C, and 550 °C with DTGpax at 270 °C, in addition to
an edge at 250 °C.
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Figure 2. Thermogravimetric and differential thermal gravimetric (TGAand DTG) curves of (a) CS,
(b) ZnAl, and (c) ZnAl/CS.
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Table 1. Experimental central composite design matrix and its response and predicted value.

Run Experimental Variables Response Y (mm)
P R C(g/L) Expt. Predicted
1 11.00 3.00 1.00 16.7 16.60
2 9.00 1.00 0.50 5.9 5.91
3 11.00 3.00 1.00 17 16.60
4 11.00 3.00 1.00 16.5 16.60
5 11.00 3.00 1.84 15.8 15.57
6 9.00 5.00 1.50 10.3 10.44
7 11.00 —-0.36 1.00 31 3.02
8 13.00 5.00 1.50 14.6 14.69
9 13.00 1.00 0.50 8.3 8.27
10 13.00 5.00 0.50 11 11.37
11 7.64 3.00 1.00 5.1 5.44
12 11.00 3.00 0.16 13.2 13.26
13 11.00 6.36 1.00 10 9.91
14 9.00 5.00 0.50 9.2 8.82
15 11.00 3.00 1.00 16.4 16.60
16 11.00 3.00 1.00 16 16.60
17 14.36 3.00 1.00 11.5 10.99
18 9.00 1.00 1.50 5.6 5.34
19 13.00 1.00 1.50 8.9 9.39
20 11.00 3.00 1.00 17 16.60

2.3. UV-Vis Spectroscopy Analysis

Figure 3 shows the optical absorbance spectra for the initial CS, ZnAl-LDH, and ZnAl/CS in the
range of 200-800 cm~!. The chitosan absorption trend was similar to the one described by Kumirska
et al., 2010 [43]. Chitosan alternates far-UV chromophoric groups, N-acetylglucosamine (GIcNAc),
and glucosamine (GlcN). High absorption intensity can be observed below the 220 nm wavelength
and at 317 nm. The absorbance trend of ZnAl-LDH presented UV absorptions at 220 nm and 300 nm,
the first one occurred at 220 nm and the second one at 300 nm. This strong absorption was attributed
to the existence of nitrate anions in the interlayer galleries [44]. The ZnAl/CS spectra combined the
chromophoric characteristics of the two different components, chitosan and ZnAl-LDH. From 200
to 220 nm, a mixture of the type of absorption corresponding to the type of absorption of each of
the compounds was found. Also, around 300 to 360 nm, a new absorption peak was recorded; this
observation suggested the existence of chemical interactions between ZnAl and CS, because absorption
below 220 nm is characteristic of chitosan [43].
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Figure 3. Absorbance spectra of CS, ZnAl, and ZnAl/CS.
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2.4. XRD Analysis

The XRD patterns of CS, ZnAl, and ZnAl/CS are shown in Figure 4. The XRD pattern of CS was
similar to that reported in the literature [45,46] and it exhibited two broad diffraction peaks. The location
of these major peaks at 260 = 11.4° and 20.0° was more or less close to those previously described by
Bangyekan et al., 2006 [47] and Prashanth et al., 2003 [48]. This is the typical characteristic of chitosan
from shrimp. The hydrotalcite-type structure was observed in the ZnAl sample after analyzing its
XRD pattern. The 11.84° (003 planes) of 28signal, which corresponds to the interlamellar distance
of the carbonated solid, was observed [49]. The d (003) characteristic peak of the hydrotalcite-like
compounds was observed, where d (300) was relevant to the radius of anion in the intermediate layer
and the interactions between anion and cation on the layers and represented the layer-layer spacing of
LDH compounds [50]. The XRD patterns of the mixture of ZnAl/CS exhibited reflections attributed to
ZnAl, showing that the addition of CS did not influence the crystalline structure of ZnAl-LDH.

CS

003

J\ 006 0 ZnAl-LDH
A oo

Intensity (a.u.)

ZnAl/CS

10 20 30 20 50 60 70
20()
Figure 4. XRD patterns of CS, ZnAl-LDH, and ZnAl/CS.
2.5. SEM Analysis

In Figure 5, parts a and b, respectively, reflect the compounds chitosan and layered double
hydroxide ZnAl. The peculiarity observed herein was with the compound obtained by the
homogenization of CS and ZnAl. Figure 5c showed that ZnAl/CS was different from the compounds
constituting it, and ZnAl/CS was seen as an aggregation of CS and ZnAl-LDH. There appeared to
be a crystalline deposit with the reflective characteristics of LDH, but was much smaller in size
when compared with the deposit of ZnAl-LDH. To summarize, the compound obtained had all the
characteristics of ZnAl/CS according to UV-Vis, FT-IR, TGA/DTG, and XRD, but differed on the
supernal view of ZnAl/CS obtained by Depan and Singh, 2010 [26] and it was a bit more like ZnAl-LDH
reported by Ballarin et al., 2015 [28]. This could be due to the difference in the proportion of parameters
(e.g., pH, Zn/Al ratio, chitosan concentration, and NaOH amount). This indicated that the compound
obtained was the hybrid ZnAl/CS. In addition, SEM images confirmed that the morphology of the
ZnAl/CS hybrid was different from that of ZnAl and CS, which suggested the formation of the hybrid
based on ZnAl and CS.
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Figure 5. SEM images of (a) pure CS, (b) ZnAl, and (c) ZnAl/CS.

2.6. Antimicrobial Activity Study

To evaluate the antibacterial activity of CS, ZnAl-LDH, and ZnAl/CS using the agarwell diffusion
method [51], E. coli MTCC 739 (Gram-negative bacterium) and P. cyclopium AS 3.4513 (spore-forming
fungus) were used. Thin tablets of the sample with 1.0 cm diameter were placed into agar plates with
microbial suspensions. Surprisingly, pure chitosan (CS) did not show any antibacterial activity against
any of the microbes, but ZnAl and ZnAl/CS showed antibacterial activity against both E. coli and
P. cyclopium. The inhibition zone surrounding the wells (in millimeters) was measured to evaluate the
antibacterial activity.

The inhibition zone of the compounds with antimicrobial activity varied according to the
organism; ZnAl had 13.5 mm of inhibition zone against P. cyclopium and 10 mm against E. coli,
whereas against P. cyclopium and E. coli, ZnAl/CS produced 29 mm and 12.5 mm of inhibition zones,
respectively. These results indicated that ZnAl/CS had greater antibacterial activity than ZnAl and
that both compounds had prominent activity against E. coli compared to P. cyclopium. The inability
of CS to inhibit the selected bacteria may be attributed either to the molecular mass of the chosen
CS, which would not result in direct inhibitory activity against E. coli and P. cyclopium [52] or pH
(E. coli pH adjusted from 7.0 to 7.4; P. cyclopium pH adjusted from 5.9 to 6.2) of the culture medium,
which would not promote antibacterial action of CS.CS exhibits antibacterial activity only in an acidic
medium because of its poor solubility above Ph 6.5 [53]. With regard to the antibacterial activity
observed in ZnAl during this study, it contrasted with the observation of Ballarin et al., 2015 [28],
which could be attributed to the difference in the method of manufacture of ZnAl, in the proportion
of the key components as well as in the treatment of the final product, which might or might not
generate certain properties. The antimicrobial activity of ZnAl hydroxide depends mostly on the status
of zinc, such as the dispersion, metal surface area, and particle size. A suitable method, leading to
materials with different structure, surface physicochemical and textural properties, can show better
performance in antimicrobial activity. It is known that the method of preparation plays an important
role in the antimicrobial performance of ZnAl hydroxides [54-56]. The reaction conditions of this
study were as follows: zinc chloride and aluminum at a ratio of 5:2 were dissolved in 200 mL of
distilled water, at a final pH of 10, under nitrogen atmosphere with magnetic stirring at 60 °C and
finally, the precipitate was dried at 40 °C. The conditions of the reaction of Ballarin et al., 2015 were:
nitrate salts containing Zn?*/A13* at 1/2 ratio with a final pH of 9.0 + 0.2 were magnetically stirred at
21 °C and the precipitate was dried at 110 °C. Zinc has been found to possess excellent antibacterial
activity [24]. Moreover, under an acidic environment (pH 4-5) of cytoplasm, LDH disintegrates into
Zn and Al ions [26]. The released Zn?* ions can adhere to the plasma membrane of the microbe
by electrostatic attraction and then penetrate the cell membrane through the pore channel of the
membrane. This deteriorates the cell membrane permeability causing leakage of intracellular ions and
low-molecular-weight metabolites [57]. Several studies have already reported the release of zinc ions
(Zn**) as a function of time and their effects in both mammalian and microbial cell culture media [58-60].
However, most of these studies have not implemented a kinetic model to quantify the release of Zn>*
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as a function of time. This could be explained by the great diversity of composites associated with
zinc ions and the media difference during the preparation of the materials. However, a model was
established according to the quantity of microbial colonies [61]. The model, being a rough estimate,
was issued from the slopes of the curves and defined as follows: d (Log(CFU mL~! 265))/d[ZnO] [61].
The Zn?* ions released (Figure 6a) in the broth brought about a significant contribution to the overall
antimicrobial activity of ZnO through generation of reactive oxygen species and also by direct
contact with the microbial cell walls [61]. The release of zinc ions in the culture medium was not
related to the size of the inhibition zone, but rather related to the reduction of microbial colonies
in the liquid culture medium [61]. The inhibitory activity of ZnAl/CS, which was superior to that
of ZnAl, could be attributed to activation of the inhibitory activity of CS (effective against both
Gram-positive and Gram-negative bacteria [62,63]) associated with Zn?* ions through ZnAl-LDH.
The antibacterial activity of CS depends on different parameters. Among these parameters, the degree
of deacetylation, molecular weight, solvent, and/or concentration of CS are the most important.
Through these parameters, the antibacterial activity of chitosan would be obtained by the release
of potassium (Figure 6b) in the culture medium [64]. This indicated that the association CS and
ZnAl would trigger the inhibitory properties of CS, which would add to its own to produce this
efficient antibacterial compound. This difference in the inhibitory diameter between the different
types of organisms could be attributable to the difference in the membrane layer of the cell between
Gram-negative E. coli bacterium and P. cyclopium fungus (Figure 7). The method of preparation
is an important factor for the effectiveness of the antimicrobial activity of the hybrid. In fact, the
bi-titration method is beneficial to form the heterojunction structure (ZnO, Al;O3, ZnAl,Oy, Zn?*, and
AIP*) compared to the previously used urea method. The heterojunction structures in the ZnAl/CS
materials lead to chemical compounds and surfaces that are more or less different from those produced
by the urea process. The bi-titration method produces more soluble zinc species, whereas the soluble
zinc species are responsible for the full activity of ZnO [61]. This would explain why with this method
ZnAl and ZnAl/CS chitosan are more effective towards the fungi P. cyclopium compared to against
Gram-negative (E. coli) bacteria: the contribution of soluble zinc species was approximately 15% of
the full antimicrobial activity of ZnO for Gram-negative E. coli, while it was almost 100% for fungi
(P. cyclopium) [61]. The bi-titration method is more beneficial to a get high-efficiency antimicrobial
agent via easy release of ion species.
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Figure 7. Effects of CS, ZnAl, and ZnAl/CS against (scale bar = 0.5 cm) (a) P. cyclopium and (b) E. coli.

2.7. Optimization by Response Surface Methodology

Based on previous experimental results (above) performed via “one-factor-at-a-time” experiment
type, RSM was used to optimize the preparation conditions and obtain sufficient antibacterial activity
from the selected materials. The selected effective variables were pH (P), ratio ZnAl (R), andCS
concentration (C, g/L). The experimental design suggested by central composite design (CCD) was
applied because it helps to optimize effective parameters and analyze interactions between parameters
and also produces results within a minimum of number of experiments. The bacterium chosen to
conduct this part of the study was E. coli.

2.7.1. Data Analysis and Evaluation of CCD Model

The antibacterial effectiveness experiment was conducted using the CCD design, and the results
are presented in Table 1. The results of the experiment showed that each factor had a kind of influence
on the final compound affecting its antibacterial efficacy against E. coli, with different sizes of inhibition
zones. A statistical analysis of variance (ANOVA) was conducted by using a software to investigate
not only the suitability and relevance of the model, but also the effects of individual variables on
interaction effects on the response (zone of inhibition, mm). ANOVA showed (Table 2) that a quadratic
model best fitted to explain the functionality of the system. This was confirmed by a coefficient of
determination R? value of 0.995, an F-test value of 239.77, and a statistically significant probability
value (Ppodel > F (< 0.0001)). The goodness of the model was also shown by a non-significant lack of
fit (Pmodel > F = 0.3493) and a predicted significant R? value and an adjusted R? value of 0.975 and
0.991, respectively. Adequate precision that measured the signal-to-noise ratio value of 45.211 was
greater than four and demonstrated an adequate signal. The relatively lower value of the coefficient of
variation (CV 3.66%) indicated the good precision and reliability of the experiments [65] as well as
confirmed the fitness of the quadratic model.
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Table 2. Analysis of variance ANOVA for the response surface quadratic model (a = 0.05).

Sum of

Source Squares DF Mean Square F p-Value
Model 389.68 9 43.30 239.77 <0.0001
P 37.28 1 37.28 206.44 <0.0001
R 57.42 1 57.42 318.00 <0.0001
C 6.43 1 6.43 35.62 0.0001
PR 0.020 1 0.020 0.11 0.7462
PC 1.44 1 1.44 8.00 0.0179
RC 242 1 242 13.40 0.0044
P2 126.70 1 126.70 701.61 <0.0001
R2 185.09 1 185.09 1024.96 <0.0001
C? 8.61 1 8.61 47.69 <0.0001
Residual 1.81 10 0.18
Lack of Fit 1.07 5 0.21 1.44 0.3493
Pure Error 0.74 5 0.15
Core Total 391.49 19
R? 0.9954
Adjusted R? 0.9912
Predicted R? 0.9753
Adequate 45211
prec131on
Cv 3.66

Main Effects of the Independent Variables P (Initial pH), R (Ratio ZnAl), and C (CS Concentration
(g/L)) and Interactions between Parameters

When considering the independent variables individually, CCD study indicated that each
parameter had a determinant role in the formation and inhibition efficiency of the antibacterial
compound ZnAl/CS. Indeed, P strongly affected the formation of ZnAl/CS, first through the dissolution
of CS which took place in an acidic medium, and finally through the connection between ZnAl and
CS which occurred in an alkaline medium. A lack of control about this factor P, led to a modification
and/or stoppage in the formation of ZnAl/CS, inducing a final compound inefficiency through a rather
poor inhibition zone. Regarding R, a ratio lower or superior to 3 influenced the width of the zone
of inhibition differently. With R < 3, ZnAl/CS produced a very small inhibition zone. At R > 3,
the inhibition zone was enlarged, while remaining largely lower than the ZnAl/CS zone when R = 3.
C represented the perfect dosage of CS at which ZnAl should be associated to produce a compound
with a more effective antibacterial capacity. According to the experiment, the zone of inhibition of
ZnAl was lower than that of ZnAl/CS, which showed the importance of controlling C. In terms of the
significant coefficients, the independent variables P, R, and C were all highly significant with p < 0.0001.

In terms of interaction, PC and RC with p-values< 0.05 were both significant terms for influencing
the inhibition ability (inhibition zone ZI) of ZnAl/CS. It was quite remarkable that all of the significant
interaction terms contained the independent variable C, implying that C played a key role in the process
of optimization or improvement of ZnAl/CS inhibition ability. The quadratic terms P2, R?, and C?
were all highly significant (p < 0.0001). After analyzing the independent and dependent variables,
we obtained a regression equation that could predict the response under a given range. The linear
regression equation was obtained, after elimination of insignificant terms to improve the regression
model for the responses (zone of inhibition). The quadratic model Equation (1) in terms of the coded
factors was given as follows:

ZI = +16.60 + 1.65P + 2.05R + 0.69C + 0.43PC + 0.55RC — 2.97P% — 3.58R? — 0.77C?> (1)

To study the interaction between parameters in depth, the quadratic model’s regression equation
graphical representation was used. The three-dimensional response surface plot in question was also
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used to determine the possible optimum conditions of each factor in order to maximize the ZnAl/CS
inhibition capacity. The model confirmed the existence of significant particular interactions principally
between C and the two other terms P and R. We further characterized the interaction in the range of
the process variables. Figure 8a,b shows contour curves and iso-response surface for the optimization
of the three independent variables. The combined effect on the inhibition zone of two out of three
independent variables was plotted, while the third variable was kept at the zero level. The elliptical
nature of the contour plot of Figure 8a,b between P/C and R/C indicated that significant interaction
between the variables P, R, and C had an important effect on the inhibition zone (ZI). Figure 8a depicts
the response surface described by the model equation to estimate the inhibition zone that explains
antibacterial activity over independent variables: P and C with the actual factor R at 3. According to
the model graph, it can be interpreted that a maximum inhibition zone of 17 mm was obtained by
conducting P at 11 with C at 1 g/L. Increasing or decreasing both P and ratio of C will significantly
reduce the diameter (zone) of inhibition. Figure 8b represents the combined effect of R and C on
inhibition zone Y, while the third variable P was held at the zero level. The elliptical nature of the
contour plot between R and C indicated that significant interaction between these two variables had
an effect on ZI of ZnAl/CS. The experimental versus model predicted values for Y of ZnAl/CS based
on computation of the linear correction coefficient confirmed a reasonable agreement between the
experiment and model.
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Figure 8. Surface of zone of inhibition (ZI) versus P and C (a) R and C (b).
2.7.2. Optimization Analysis

After analyzing the influencing variables and the appropriate model, the next step was to
accurately determine the corresponding value of each important parameter individually or in a set
that can improve the antibacterial inhibitory capacity of ZnAl/CS and to achieve a zone of inhibition
broader (larger) than the previous one. This optimization was done via RSM, by applying a canonical
analysis which is one of the multivariate linear statistical analyses used to locate the stationary point
of response surface and to determine whether it represents a maximum, minimum, or saddle point.
P:11.27, R: 3.27, and C: 1.07 g/L were the optimal conditions for obtaining the widest zone of inhibition
as predicted by the model. The theoretical inhibition zone predicted using the above conditions was
17.07 mm. In order to validate the applicability of the model, a series of experiments was carried
out using the optimal parameter values suggested by the conical analysis, P: 11.27, R: 3.27, and C:
1.07 g/L. As a result, a relatively higher experimental value, but close to that predicted by the model,
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was obtained, see Figure 9 (17.3 + 0.65 mm). This satisfactory result confirmed, in addition to the model
predicted, the effectiveness of the modeling tool RSM. Figure 10 summarizes the optimization model.

Figure 9. Effects of optimized ZnAl/CS (ZnAl/CSo) against E. coli (scale bar = 0.5 cm).

0.528 0.834
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o
m . .
C: C (Chitosan concentration)
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B-: 1.00 0.203 0.372 C-:0.50
A-:9.00 A: pH A+:13.00

Figure 10. Cube of optimization of ZnAl/CS preparation.

One of the most striking differences between this study and our previous study [29] was the
antibacterial activity of the ZnAl/CS hybrid against P. cyclopium and E. coli. The ZnAl/CS hybrid
was more effective against P. cyclopium fungi with a zone of antimicrobial inhibition of 29 + 0.7 mm
(bi-titration) against 22.3 + 0.5 mm (urea method of preparation) and less effective against E. coli
compared to the previous study with a zone of inhibition of 17.3 + 0.65 mm (bi-titration preparation
method) against 24.2 + 0.8 mm (urea method of preparation).

The urea method of preparation is a high crystallinity method with more complete bonds leading
to firmly attached components [66]. This leads to a slower and lower release of ions contained in
the material [67]. This has the consequence of causing a weak antimicrobial activity and a rapid
propagation of microbes over time. The urea preparation method thus leads to an antimicrobial activity
moderately effective towards the fungus.

In contrast to the urea method of preparation, the bi-titration preparation method produces
weak crystallinity but better heat stability material [68], in addition to showing a high rate capability
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and impressive specific capacity and cycle property [69]. This compound structure will produce
a rapid dispersion of the ions contained in the material and an immediate effect on the environment.
This will result in a permanent and effective contact of the ions with the microbes which will cause
their inhibition.

2.8. Antibacterial Killing Kinetic Assays of ZnAl/CS

Since the E. coli growth cycle extends over a period of 24 h, we set the duration of the experiment
to a growth cycle, that was why the incubation time was 24 h. This study was carried out in a liquid
medium, so it was possible to deduce a kinetic model showing the amount of potassium released as
a function of the microbial colony reduction rate. Also, potassium release by E. coli has already been
studied and a kinetic model has already been established and described in the form of: 10 uM K*/min
for 0.5 mg/mL of propyl paraben. This previous study was able to relate the variation in the size of the
inhibition zone as a function of the quantity of potassium released without establishing an equational
model [70].

A Kkinetic time-kill study was performed at different concentrations of ZnA1/CS against E. coli.
The optical density at 600 nm (ODgp) was used to measure and control bacterial growth. All the results
confirmed the antibacterial efficacy of ZnA1/CS. This was further confirmed, when beyond the addition
of 8 mg/mL of ZnAl/CS, the optical density no longer varied as a function of time, which indicated the
total inhibition of bacterial growth (Figure 11). Here, the evolution of cell growth was different from
some studies, and this would be due to the difference between the growth media. Average cell mass is
known to vary strongly with the growth medium, being greater in media that support rapid growth [71].
Through the transparency of the culture suspensions, the minimum inhibitory concentration (MIC)
measured was 3 mg/mL and the minimum bactericidal concentration (MBC) after 24 h of E. coli culture
suspensions was 7 mg/mL.
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Figure 11. Response of E. coli to ZnAl/CS in Miiller-Hinton medium. Filter-sterilized Mueller-Hinton
broth MHB* medium was supplemented with various concentrations of ZnAl/CS and incubated for
24 h at 37 °C under anaerobic conditions. The ODy of each culture was measured. (a) E. coli killing
and (b) Potassium release curves
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3. Materials and Methods

3.1. Materials

Chitosan from shrimp shells (Mw 1.5 X 10° and >91% deacetylate) was purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). AICI3.6H,O (>97%) and KOH were obtained from
Heng Xing Chemical Preparation Co., Ltd (Tianjin, China). ZnCl, (98%) was purchased from Fuchen
Chemical Reagent Factory Co., Ltd (Tianjin, China). NaOH (>96%) was procured from Xilong Chemical
Co., Ltd (Guangdong, China). Lactic acid (Mw 90.07) was purchased Shanghai Meryer Chemical
Technology Co., Ltd (Shanghai, China).

3.2. Preparation of ZnAl-LDH and ZnAl/CS

The ZnAl/CS hybrid was prepared using a co-precipitation technique proposed by Depan and
Singh, 2010 [26] with slight modifications. 0.5 g of CS of low acetylation degree was dissolved in
an aqueous solution of lactic acid (2 mL) and 8.5 g of NaOH was added to a 300 mL biopolymer
solution to reach a pH value of 10 to ensure the complete deprotonation of carboxylic groups of
CS. Aqueous solutions of zinc and aluminum chloride were prepared from chemicals of analytical
grade. Zn/Al at a ratio of 5/2 was dissolved in 200 mL of decarbonated bi-distilled water and added
dropwise to the biopolymer solution under nitrogen atmosphere to avoid CO%‘ contamination; the
whole mixture was magnetically stirred vigorously at 60 °C. The aqueous solutions of Zn and Al
were continuously added at a rate of 20 mL/h. The precipitate was aged in the mother liquid for 24 h,
the white solid product was isolated by repeated centrifugation, and washed with decarbonized water,
then finally dried at 40 °C. Virgin ZnAl-LDH without biopolymer, denoted as ZnAl, was synthesized
following the same procedure, however, the biopolymer CS was replaced by a bi-distilled water
solution. During the centrifugation, sealed containers were used to avoid absorption of atmospheric
carbon dioxide. The deionized bi-distilled water was used for the synthesis and washing steps, but was
first decarbonized by boiling. Subsequent cooling of the prepared solution in the absence of CO, was
carried out by means of a gas-washing bottle filled with a KOH solution. All solutions were prepared
with deionized water (resistivity of 18.2 mX cm) which was obtained with a Millipore ultra-pure water
system, previously distilled and decarbonized by boiling plus bubbling N. The compounds studied
in this study were labeled as CS, ZnAl, and ZnAl/CS.

Schematic representation of the hybrid synthesis process

Molar ratio of Zn/Al =3.27, “X” g/L of CS stirred at 60 °C for 16 h, Ph 11.5.

3.3. FT-IR Spectroscopy Analysis

The FT-IR spectra of CS, ZnAl, and ZnAl/CS samples were obtained with Perkin-Elmer Spectrum
GX in the wave number ranging from 4000 to 400 cm~!. Powder samples were molded in potassium
bromide KBr pellets and analyzed at a resolution of 2 cm™".
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3.4. Thermal Analysis (TGA/DTG)

Thermogravimetric and differential thermal gravimetric analyses (TGA/DTG) were performed on
a Perkin-Elmer TGA-7thermal analyzer in a temperature range of 50 to 900 °C. 10 mg of each composite
sample was loaded in an open ceramic crucible, and heated under nitrogen atmosphere at a heating
rate of 20 °C min~!.

3.5. UV-vis Spectroscopy Analysis

Measurements of the UV-vis spectra at room temperature for CS, ZnAl, and ZnAl/CS solids
were recorded on a SHIMADZU UV-2550 spectrophotometer (Kyoto, Japan). In order to record the
measurements, a solution of chitosan (1072 g/L) was prepared by adding a stoichiometric amount of
10~! M perchloric acid to the chitosan solution. Given the water content and the degree of deacetylation
of the chitosan, the chitosan—perchloric acid solution was then stirred at an appropriate speed to
complete the dissolution before recording the measurements. Samples of ZnAl and ZnAl/CS were
prepared by depositing the aqueous dispersions onto quartz glass slides and drying them in air.
The concentration of ZnAl and the ratio of ZnAl to ZnAl/CS were the same for both the UV-Vis spectra.

3.6. XRD Analysis

The wide angle X-ray diffractometer patterns were collected on a Rigaku (Tokyo, Japan)
D/max-2550PC, with Cu-Ka radiation of 15,406 A and an operating voltage at 50 kV. The scanning was
in the 20 range of 2° to 70° with a scan speed of 5°/min.

3.7. SEM Analysis

Scanning electron micrographs (SEM) were obtained through a JEOL JSM-6700F instrument
(Tokyo, Japan). The samples (CS, ZnAl, and ZnAl/CS solids) were spread on a double-sided conducting
adhesive tape that was pasted to a metallic stub, coated with gold (100 pg), and then observed atan
accelerating voltage of 20 kV.

3.8. Organism and Culture Conditions

E. coli MTCC 739 and P. cyclopium AS 3.4513 were kept at the Xiangtan University General
Microbiological Culture Collection Center. The fungus P. cyclopium strain was incubated on potato
dextrose (PD) agar medium at 23 °C for 3 days before dilution and inoculation, while E. coli, the Gram
negative strain, was maintained in mineral salt (MS) media, pH 7.0, at 37 °C for 24 h before multiple
dilution and use.

In Vitro Antibacterial Activity

The antibacterial efficiency of ZnAl/CS was evaluated through determining the antibacterial
susceptibility, by the agar well diffusion method, of bacteria after exposure to the tested samples.
Gram-negative E. coli bacteria and P. cyclopium fungi were used as target organisms. Miiller-Hinton
broth (MHB) (Canspec Scientific Instruments Co., Ltd. Merck, KGaA, Shanghai, China) was chosen to
prepare the microbial suspension; the turbidity of the suspension was balanced with 0.5 McFarland
standard. The broth plates were inoculated with the microorganisms (bacteria and fungi) and
slightly perforated with a glass capillary to create wells that were filled with 1.0 cm diameter of CS,
ZnAl, and ZnAl/CS. The pills (CS, ZnAl, ZnAl/CS) were irradiated under a UV lamp for 30 min to
eliminate microbial contamination. Each sample was added into a 10 mL Luria-Bertani LB liquid culture
medium which was then inoculated with the microbial suspension. All antimicrobial experiments
involving both cultures were carried out in sterile 250 mL shake flasks or 90 mm agar plates. Indeed,
100 mL cultures of P. cyclopium and E. coli strains were partially transferred onto PD and MS media in
order to perform the antimicrobial tests. The plates were incubated for 24 h at 37 °C for E. Coli and
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72 h at 28 °C for P. cyclopium. Finally, the inhibition zone surrounding the wells (in millimeters) was
measured to evaluate antibacterial activity.

3.9. Optimization of ZnAl/CS Hybrid Preparation Conditions

The response surface methodology (RSM) is a powerful statistical tool. It relies on quantitative data
from an accurate fact-finding conception to simultaneously determine and solve multivariate equations.
Its advantage is the reduction of the number of experimental tests necessary to evaluate the impact of
several parameters and the effect of their interactions. After deducting the best experimental conditions
from the “one-factor-at-a-time” experimental method, RSM was applied to determine the effect of
initial pH, ZnAl ratio, and CS concentration on the bacterial inhibition efficiency of the hybrid ZnAl/CS.
The CCD tool of RSM was chosen for the experimental test with the three independent variables that
were the initial pH (P), ZnAl (R) ratio, and chitosan concentration (C, g/L), while optimizing the zone
of inhibition (ZI) as response variable (Y) of the antibacterial study. Each independent variable was
coded at three levels between —1 and +1, while the variables initial pH (P), ZnAl ratio (R), and chitosan
concentration (C, g/L) were changed in the ranges shown in Table 3. A set of 20 experiments was
achieved with three replications at the design center to evaluate the pure error. The experiments were
performed in a random order, as required by many design procedures. After reaction, response ZI
(Y) was measured and the statistical software package Design Expert (version 8.0.6) was applied for
regression analysis of the trial data and to plot response surface. The model generated during the
implementation of the RSM was validated by performing experiments on a given optimal parameter.
The polynomial model of the first-order equation applied to predict the response variable ZI (Y) for the
case of three independent variables is expressed as follows (2):

k k k
Y =B+ ) BiXi+ Y BiX?+ ) ByXiX @
i=1 i=1 i<j

where Y is the predicted response, 3 is a constant, (3; is the ith linear coefficient, (3;; is the ith quadratic
coefficient, X; and X; are the coded values of independent variables, the terms X;X; and X12 represent
the interaction and quadratic terms, respectively, and k is the number of independent variables.

Table 3. Experimental range and levels of the independent variables.

In\c}el?elr)lldent Symbols Units Code Levels
ariables 1 0 1
pH P 9 11 13
Ratio Zn/Al R 1 3 5
Chitosan C g/L 0.50 1.00 1.50
concentration

3.10. Kinetic Study

An antibacterial kinetic test was performed, and E. coli was selected for the kinetic study as the index
bacterium. The culture was incubated overnight at 37 °C. The bacterial suspension (10°~10” CFU/mL)
was treated with 1,3, 5, 7, and 10 mg/mL of CS, ZnAl, and ZnAl/CS hybrid. The samples were incubated
at 37 °C in an aerobiosis and the bacterial growth rates were assessed by monitoring optical density at
600 nm (ODg(g) at regular time intervals using a UV-Vis spectrophotometer while using normal saline
as a control.

3.11. Statistical Analysis

Each sample was analyzed individually in triplicate and the results were expressed as the mean
value (n = 3) of the standard error of mean. Response surface methodology (RSM) was employed to
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build the best model and optimize the antibacterial compound system using Design Expert version
8.0.5.0 (Stat Ease Inc. USA). One-way ANOVA for response surface model was carried out to assess the
main effects of each parameter and its interactions, and the accuracy and quality of the fitted model.

4. Conclusions

Both methods used for the preparation of the ZnAl/CS hybrid in previous and current studies
resulted in the synthesis of an antimicrobial compound. However, the hybrid had more or less different
characteristics according to the preparation methods. In this study, ZnAl/CS exhibited a potent and
prolonged antibacterial activity against P. cyclopium, whereas in the previous study its action was
moderately effective against the fungi. This could be attributed to the use of the bi-titration method,
which is beneficial to form heterojunction structures (ZnO, Al,O3, ZnAl,Oy, Zn>*, AI3*) with weak
crystallinity, promoting an easy and fast dispersion of metal ions in the culture medium. Furthermore,
improvement of antibacterial activity against E. coli by optimization via CCD of RSM was successful
with a 41.6% widening of the inhibition zone. Finally, ZnAl/CS retained antimicrobial activity in a
culture medium at pH greater than or equal to 6 with an antimicrobial activity that could be directly
improved. ZnAl/CS appears to be a promising antimicrobial agent, which could be useful in many areas.
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