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Introduction

Nanoparticles (NPs) exhibit novel properties for various applications. Critics and others have however, raised questions about
the potential toxicity of such materials on living organisms due to either intentional or unintentional contact with them [1,2].
It is also well- known that the reported results of contact on living organisms of NPs are sometimes conflicting [3,4]. Thus,
the development of new material at low toxicity in the preparation of NPs attracts an increasing attention [5]. However,
stabilization of the NPs, a key role for productive existence of the NPs without aggregation, is an important issue [6-

8].Naturally available polysaccharides are widely used for this purpose.
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They include chitosan, oligosaccharide, inulin, soluble starch, and xylan, used in the green preparation of metal oxides as
reducing and stabilizing agent. Sodium Alginate (SA), an anionic medicinal bio-polymer and sodium salt of alginic acid, is
one such natural polysaccharide with an un-branched copolymer with homopolymeric blocks of a-1,4-linked- D mannuronic
acid (M block) and B-1,4-linked-L-guloronic acid (G block) units arranged in an irregular block-wise pattern of varying
proportions of GG, MG and MM blocks [9-13].

Polymer incorporated metal oxide-based NPs have tremendous scope because of their potential applications not only in the
bio-medical field but also in various important fields such as environment, energy and information technology. There has
been a great deal of interest in making polymer incorporated metal oxide-based NPs because the impregnation of metal oxide
into a polymer matrix can introduce novel properties to the NPs. According to Raveendran et. al., glucose was used as the
reducing agent and starch as the protecting agent for the preparation of Au, Ag, and Au-Ag nanoparticles by an
environmentally benign method in water for biological application [14]. In recent years, metal oxides have been extensively
used as antibacterial agents towards many pathogens. Among the various metal oxides, Zinc Oxide (ZnQO) and Copper Oxide
(CuO) nanocrystalline materials have been extensively studied because of their potential anti-bacterial properties, low
toxicity and cost effectiveness. In the synthesis of the NPs, the carboxyl groups of the polymer matrix can electrostatically

interact with metal ions and form a complex [15,16].

To the best of our knowledge, the microwave assisted co-precipitation technique for preparing well-dispersed nanocrystalline
metal oxide in natural polymeric media has not been reported. Hence, we prepared a simple, rapid and totally green, one-pot
approach of nanocrystalline metal oxide (ZnO-CuO) NPs using SA and investigated the antibacterial properties against
Pseudomonas aeruginosa and Bacillus subtilis. These have been done after establishing their stabilization, morphologies, and
mechanism of their formation.

Materials and Methods

All reagents were of analytic quality and were used without additional purification. The solutions were prepared with Double
Distilled Water (DDW). Copper (1) chloride dehydrate, CuCl,.2H,O (Merk, Mumbai, 99% purity), zinc acetate dehydrate,
Zn(CH3C00),.2H,0 (Merk, Mumbai, 99% purity), Sodium Alginate with Mr ~ 48,000-186,000, (Loba Chemie, Mumbai)

and sodium hydroxide [NaOH] procured from Merck, Mumbai (98% purity) were used in this work.

Synthesis of ZnO and CuO nanoparticles

In a typical synthesis process, 1 g of SA was dissolved in 100 mL DDW under vigorous string. After the complete dissolution
of SA, 0.3 M (6.5847 g) of Zn(CH3COO0),.2H,0 was dissolved to the above solution. To adjust the pH to 10 of the solution,
NaOH was added drop-wise to the above mixture. As the reaction progresses, the colour of the reaction mixture changed to
milky white. After 2 hrs of continuous magnetic stirring, the reaction mixture was kept in the microwave oven (operated with
frequency 2.45 GHz and electrical power 800 W) at 110°C for 2 min. The solution as prepared was cooled down to room

temperature within a short time interval after the reaction, centrifuged, and washed with DDW to remove the by-products.

Then, the obtained product was dried in an oven at 80°C for 3 hrs, named as ZSA and used for characterization. The same
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experimental procedure was followed for the synthesis of CuO NPs (named as CSA), by adding 0.3 M (0.51144 g) of
CuCl,.2H,0 instead of Zn(CH;C0OO0),.2H,0.

Antimicrobial Activity (Well-diffusion Method)

The antibacterial activity of the as prepared samples of ZSA and CSA were done on the microorganisms by well-diffusion
method. The samples of various aliquots of 100 pg/mL, 150 pg/mL, 200 pug/mL and stock solution (1 mg/mL) was dispersed
in appropriate amount of DDW and constantly stirred until a uniform colloidal suspension was formed. 5.3 g of Muller
Hinton agar was dissolved in 100 mL of DDW and kept at 121°C for about 15-20 minutes for sterilization. Sterilized mixture
was poured on the sterilized plates while the temperature of medium was bearable. To assess antimicrobial activity, an
appropriate volume of Pseudomonas aeruginosa (P. Aeruginosa) and Bacilus subtilis (B. Subtilis) was poured into the
nutrient broth medium and equal sizes of wells were created. Three concentration of 100, 150 and 200 pg/mL of samples
were injected into the respective wells along with positive and negative control. For negative control, DDW was used and for
positive control, tetracycline (30 pg/mL) was used for P. Aeruginosa, and cefuroxime (30 pug/mL) was used for B. Subtilis.
The plates were kept overnight for incubation at 37°C. After the incubation, the zone of inhibition was measured in
millimeter (mm). For each concentration, measurements were made in triplicate and their mean value is taken into account

for the antibacterial activity of the sample [17].

Characterization Techniques

X’Pert Powder PANalytical X-ray diffractometer was used to study X-Ray Diffraction (XRD) patterns. The scan rates were
made in the range of 10-70° (20) with a step size of 0.02 o and a count time of 2 sec/step. Transmission Electron Microscopy
(TEM) analysis was carried out at a 200 kV Tecnai G2 20 microscope, equipped with a LaBg filament and a CCD camera.
The sample for IR analysis was prepared by mixing KBr with 10% NP powder by weight and pressing into a vacuum pellet at
200 kg cm™ for 1 min. For this purpose, KBr tablets were prepared from the sodium alginate biopolymer, CuO and ZnO NPs,
and the FTIR spectrum was obtained in the range 400-4000 cm™ with a (Bruker, Germany, Vertex 70) spectrophotometer.
Zeta () potential values were measured using a zeta/nano particle analyser Zetasizer Nano Plus (Micromeritics Instrument

corporation, USA). Before zeta potential measurements, all samples were sonicated for 5 minutes.

Formation Mechanism of ZSA and CSA NC’s
Based on the following chemical response, the mechanism of NP formation (CSA and ZSA) likely occurs in the presence of
biopolymer sodium alginate is shown in Fig. 1 and Fig. 2. In the first reaction, the metallic ions (Zn®* and Cu*") react with the
OH- creating precursor Zn(OH),%, by heating together forms a constellation. Contrastingly, alginate poly G-sequences have a
tendency to adopt an ordered confirmation through dimerization in the presence of divalent metals, so they act as a precisely
regulated environment for the growth of particles of nanometer sizes. Similar reaction occurs in CuO NPs as shown below.
Zn* + 40H — Zn(OH), >
Zn(OH),” — ZnO+ 2H,0 + 20H"

Similarly,
Cu*" + 40H — Cu(OH);”
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CU(OH), — CuO+ 2H,0 + 20H"

NaOH

ZnOH Zno
Sodium Alginate

FIG. 1. Schematic representation of the formation mechanism of ZSA nanoparticles.

Microwave

Sodium Alginate

FIG. 2. Schematic representation of the formation mechanism of CSA nanoparticles.

Results and Discussion

X-Ray Diffraction (XRD) patterns were recorded to study the crystalline nature of the prepared metal oxides. Figure 3 shows
the XRD patterns of SA, ZSA and CSA. The peak of SA confirms the semi-crystalline nature with broad reflection peak at
206=12.7°. The diffraction peaks corresponding to ZSA at 31.6°, 34.4°, 36.3° 47.5° 56.6° 62.9° 66.4° 67.9° and 69.1° are
assigned to reflections from the (100), (002), (101), (102), (110), (103) and (200 ), X-Ray Diffraction (XRD) patterns were
recorded to study the crystalline nature of the prepared metal oxides [18]. Figure 3 shows the XRD patterns of SA, ZSA and
CSA. The peak of SA confirms the semi-crystalline nature with broad reflection peak at 26=12.7°. The diffraction peaks
corresponding to ZSA at 31.6°, 34.4° 36.3°, 47.5° 56.6° 62.9°, 66.4° 67.9° and 69.1° are assigned to reflections from the
(100), (002), (101), (102), (110), (203), (200 ), (112), and (201) planes of the ZnO crystal, respectively, which confirm the
crystalline nature of ZnO. They indicate that the obtained ZnO is phase pure wurtzite structure of ZnO (JCPDS card no: 36-
1451). The existence of diffraction peaks at 12.2° corresponding to the peaks of SA, clearly shows that the indication of the
existence of SA polymer in NPs. The carboxyl and the hydroxyl groups present in the polymer matrix make bonding to the

zinc ions. The XRD pattern thus clearly illustrates that there may be an interaction of ZnO nanoparticles with the polymer
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FIG. 3. Schematic representation of the formation mechanism of CSA nanoparticles.

The diffraction peaks of CSA at approximately 33.9°, 35.5°, 38.6°, 39.8°, 48.8°, 53.1° and 58° are assigned to reflections from
the (002), (-111), (111), (200), (-202), (020) and (202) matching JCPDS card no: 80-0076 confirm the formation of
monoclinic structure CuO. The diffraction peaks at 13.6° corresponding to the peaks of SA shows that there is an
intercalation of CuO with the polymer matrix. The other crystalline peaks at 26=16.8°, 23.8°, 26.5° 35.5° and 61.6° are
assigned to Cu,O (JCPDS Card no: 05-0667). The crystallite size calculated using Scherrer’s formula is 15.6 nm for ZSA and
10.8 nm for CSA which well-correlate with that obtained from TEM measurement discussed later. The strain, dislocation

density, number of crystallite was calculated and is tabulated in Table 1.
It is observed from these tabulated details, the particle size and number of unit cell of the ZSA and CSA affect the dislocation
density of the crystal system indirect proportionality. Dislocation density for a given strain increased with decrease in grain

size. Moreover, the smaller the size of the grain, the larger the strain to which the cellular network has been well defined [19].

TABLE 1. The structural parameters of ZSA and CSA nanoparticles.

Sample | Grain size | Lattice strain | Dislocation density §=(1/D? x | Number of  crystallite
name D (nm) £ (mm) 10" (lines/m?) N=(t/D? x 10%

ZSA 15.6 2.288 4.466 30.832

CSA 10.8 5.106 34.76 1089.5

The Figure 4 shows the FTIR spectra of SA, ZSA and CSA. The peaks at around 3477 cm™ and 2935 cm™ can be attributed
to the stretching vibration of -OH and alkyl C-H bands of sodium alginate. The strong peaks noted at 1742 cm™ and 1418 cm’
! are due to the stretching vibration of COO- (carboxylate ion) groups. The absorption band at 1031 cm™ corresponds to C-O-
C stretching mode from the glucosidic units and the peak at 878 cm™ corresponds to Na-O bond vibration. After the

incorporation of metal oxides to the polymer matrix, the band of COO- is shifted from 1742 cm™ to 1587 cm™ in ZSA and
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1607 cm™ in CSA, indicating that the strong physicochemical interaction between the polymer matrix and the metal

oxides in the NPs. This also indicates the presence of SA carboxyl and hydroxyl group on the NPs.
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FIG. 4. FTIR spectra of a) sodium alginate b) ZSA and c) CSA NPs.

The particle stability in suspension through electrostatic repulsion between particles can be assessed from zeta potential data
as it is an indicator of surface charge. The zeta potential was measured by dispersing 0.1 g of NP’s in 10 mL of DDW (Figure
5). The zeta potential of -34 mV in ZSA and -62 mV in CSA indicates the stability of these NPs, and hence indicate good
dispersibility of the NPs in DDW when SA is coated as an anionic bio- polymer, which develops a negative charge in the
solution. The sample CSA shows more stability than ZSA that may lead to the higher antibacterial activity of the CSA NPs in
line with the smaller crystallite size in the former (Table 1).
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FIG. 5. Zeta potential of ZSA and CSA NPs.

To understand better the effects of the synthesis environment on the shape and size of the NPs, TEM was used (Figure 6(a)).
It is evident from TEM micrographs that particles are cubical or spherical shape with a slight elongation at one side and the
average size of the NPs is about 16 nm well-comparing that determined from the Scherrer size. The Selected Area Electron
Diffraction (SAED) pattern gives a clear image of the polycrystalline nature of the ZSA NPs and the ring patterns are well-
matched with the associated (hkl) planes as determined from XRD [20].
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Needle like agglomerated CuO nanoparticles are seen in the case of CSA with an average diameter of about 11 nm (Figure
6(b)). As discussed in XRD section, the particle size of the NPs can be controlled by SA polymer. This may reflect the dual
role of sodium alginate as stabilizing and reducing agent in DDW. The SAED pattern gives a polycrystalline nature of the

CSA NPs and rings well-match with the corresponding (hkl) planes as found in XRD.

FIG. 6. TEM and SAED patterns of (a) ZSA and (b) CSA NCS.

The effects of NPs on Gram-negative and Gram-positive bacterial strains are tabulated in Table 2. These findings showed that
the inhibition zone (ZOIl) is maximized and that the effect is more against Gram-negative bacterial strains than Gram-positive
bacterial strains. This result may indicate that the ability of the Gram-negative strain against NPs is higher than that of the
Gram-positive bacterial strains, and these results are consistent with previous reports. In addition, these findings also suggest
that prepared NPs are toxic to Gram-negative and Gram-positive bacteria. The antibacterial properties of the CSA and ZSA
NPs against Gram -ve bacteria Pseudomonas aeruginosa and Gram +ve bacteria Bacillus subtilis showed very interesting
results. It is evident from Figure 5, Pseudomonas aeruginosa showed significant zone of inhibition than Bacillus subtilis in
both the NPs [21].

Subsequently released metal ions can bind with DNA molecules and lead disorders of the helical structure by crosslinking

into and between nucleic acid strands. Metal ions inside bacterial cells also interfere with biochemical processes and result in

death of the bacteria. Compared to ZSA NPs, the CSA NPs showed enhanced antibacterial activity against both the bacterial
strains. This result may be dependent due to the reduced size of the CSA NPs, surface morphology, shape of the particle
(needle like shape in CSA), and the stability of NPs in the colloidal suspension: CSA NPs are more stable than ZSA NPs as

evident from zeta values, in line with earlier reports.

TABLE 2. Antibacterial activity of NPs on Gram-negative and Gram positive bacterial strains at varying
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concentrations.

P.C 100 (ng/mL) 150 (ug/mL) 200 (ug/mL)
Species SA/ SA/ SA/ SA/ SA/ SA/ SA/ SA/
CuO ZnO CuO ZnO CuO Zn0O CuO Zn0O
Pseudomonas 28 9 9 6 12 11 21 15
aeruginosa (-)
ZOIl (mm) - —
BaC|IIu(i§ubt|I|s 13 15 i i 14 ) 19 8

FIG. 7. Antibacterial activity of the samples in Gram-negative and Gram-positive bacterial strains.

The detailed mechanisms of NP bioactivity remain not fully understood. The interaction of NPs over the bacteria could be

CSA
B.subtilis

ZSA
B.subtilis

CSA

P. aeruginosa

ZSA
P. aeruginosa

explained on the basis of five mechanisms is shown in Scheme 3. which were analyzed by several investigations are (1)

Indirect effects through changes in the surrounding charge atmosphere, (2) the generation of zeta potential when the NPs are
in contact with the cell walls of the bacterial strains, the production of increased levels of reactive oxygen species, mostly

hydroxyl radicals and singlet oxygen, (3) the physical blockage by transport channels and damage the cell membrane of

bacteria due to loss of membrane potential in bacterial surface (specific binding of the surface of the agent inside the

microorganisms), and (4) NPs toxicity of cell membrane by adhesion of particles which further enter into bacterial cell and

lyse DNA, protein, mitochondria of the cells and caused bacterial death.

CSA NPs

Nanoparticles toxicity

é/ ﬁﬁz >
\

Cell membrane and
cytoplasm disruption

FIG. 8. The mechanisms of the bioactivity of NPs over bacteria.



http://www.tsijournals.com/

wwwe.tsijournals.com | February-2022

Conclusion

The ZnO and CuO NPs were successfully synthesized by microwave-assisted co- precipitation method in the presence of a
sodium alginate. There is an indication of strong interaction between the hydroxyl and carboxyl groups present in the
polymer matrix and the metal oxides, and these interactions were confirmed by FTIR spectroscopy. The stability of these NPs
is well-established from the large zeta potential values. The grain size was calculated from XRD and TEM were around 11
nm in CSA and 16 nm in ZSA. The synthesized NPs had considerable antibacterial activity in both Pseudomonas aeruginosa
and Bacillus subtilis. Compared with Gram-positive, both NP had better activity against Gram- negative bacterial cultures.
The CSA NPs show maximum zone of inhibition value than the ZSA NPs. The reduced particle size, increased number of
particles, needle like morphology and the increasing stability of the NPs in the colloidal suspension may be the better
bacterial activity of the CSA NPs. These findings suggest that prepared NPs could be used in a wide range of biomedical

applications because of their attractive structural and antibacterial properties.
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