Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Antibacterial Effects of Zinc and Copper Oxide
Nanoparticles and their Miscibility simulations with
Polylactic acid

Dibli B. Otieno
University of Nairobi

Geoffrey O. Bosire

ebhosire@uonbli ., ac. ke

University of Nairobi

John M. Onyari
University of Nairobi

Julius M. Mwabora
University of Nairobi

Research Article

Keywords: Antimicrobia, effects, Chemisorption, Miscibility, Polylacti, acid, Zin, oxid, nanoparticles,
Coppe, oxid, nanoparticles

Posted Date: March 27th, 2024
DOI: https://doi.org/10.21203/rs.3.rs-4150189/v1

License: € ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.


https://doi.org/10.21203/rs.3.rs-4150189/v1
https://doi.org/10.21203/rs.3.rs-4150189/v1
https://doi.org/10.21203/rs.3.rs-4150189/v1
https://creativecommons.org/licenses/by/4.0/

Antibacterial Effects of Zinc and Copper Oxide Nanoparticles and their Miscibility

simulations with Polylactic acid
Dibli B. Otieno ?, Geoffrey O. Bosire * * John M. Onyari ?, Julius Mwabora b

4 Department of Chemistry, Faculty of Science and Technology, University of Nairobi, P.O Box
30197-00100, Nairobi
® Department of Physics, Faculty of Science and Technology, University of Nairobi, P.O Box
30197-00100, Nairobi

*Corresponding author: gbosire @uonbi.ac.ke/orinajeff @ gmail.com

Abstract

A two-fold semi-empirical approach is reported in this study. Zinc and copper oxide nanoparticles
(ZnO-NPs and CuO-NPs) were synthesized and their antibacterial effects studied. The structural
properties, miscibility and adsorption behavior of ZnO and CuO nanoparticles on polylactic acid
(PLA) were studied using Materials-Studio-based ab initio computations and density functional
theory (DFT) approaches. The experimental part revealed a peak absorption at 705.95 and 525 cm™
! on using FTIR analysis which signified presence of spherical and rod-shaped nanoparticles for
ZnO-NPs and CuO-NPs, respectively. The experimental studies affirmed that the synthesized ZnO
and CuO nanoparticles exhibited antimicrobial effects on gram positive E-coli and gram-negative
Bacillus thuringiensis. Theoretical investigations of pristine polylactic acid (PLA), ZnO-NPs on
PLA (PLA-ZnO) and CuO-NPs on PLA (PLA-CuO) were achieved by the adsorption locator and
blend modules in the Material Studio (MS) software. Both the geometrically optimized adsorbates
(ZnO-NPs and CuO-NPs) were annealed on the adsorbent surface (PLA 1,1,0) to reduce the
number of defects on the lattice surface. The distribution energies, phase diagrams, free energies
and mixing energies revealed immiscibility of PLA/ZnO-NPs and PLA/CuO-NPs blends as
evidenced by the asymmetric distribution, composition of both blends below the critical points,
positive values of free energies (0.0085, 2.6871 kcal/mol) at 375K and mixing energies
(0.1918,12.221 kcal/mol) respectively. In addition, the incorporation of ZnO- and CuO-NPs on the
PLA polymer to control bacterial adhesion and prevent biofilm formation was also studied

theoretically. The adsorption energies of ZnO and CuO NPs on the PLA surfaces were computed


about:blank

and exhibited negative adsorption energies, which indicated that the type adsorption was

chemisorption.

Keywords Antimicrobial effects. Chemisorption. Miscibility. Polylactic acid. Zinc oxide

nanoparticles. Copper oxide nanoparticles

Introduction

New sustainable end-user cutting edge technologies, over an entire spectrum of biodegradable
polymers and composites has attracted unparalleled interest the world-over. In the context of their
precursors, production processes and applications, the use of nano-additives to improve specific

qualities or properties.

Polylactic acid (PLA) is an interesting biodegradable thermoplastic polymer widely applied in
industry [1]. For a common fact, it breaks down into constituents that are easily transformed into
metabolic pathways without causing harm to the environment [2]. In addition, the application of
composite materials made from polylactic acid has been on the rise in various sectors including
packaging, horticulture, agriculture, household and medical field. This can be attributed to its
unique properties and its ability to allow surface modification hence resulting to improved surface
characteristics. There are concerted efforts in many aspects of PLA polymer design and
improvements, to include additives, especially nanomaterials that possess antibacterial properties.
In the same way that the development of PLA-based polymer products has revolutionized
environmental protection in the context of biodegradability, the incorporation of nanomaterials in
polymeric filaments prior to processing through 3D printing, has a potential of production of
customized self-disinfecting objects. Reported literature has not inherently addressed surface
modifications on PLA using nanomaterials, which is a nanotechnological paradigm shift in the 21*

century

Being a promising aliphatic polyester, PLA exhibit high tensile strength and young’s modulus,
low shrinkage reducing chances of product deformation, excellent optical properties, highly
biocompatibility and complete biodegradation [3—6]. Despite its notable properties, it has also been
reported to be a brittle polymer, low impact strength, poor heat stability and Charpy impact fracture
of about 2.5 kJ/m? [2, 3]. To improve on some of these properties, numerous modification methods

such as annealing, physical and chemical treatments to introduce cross-linkages to the PLA
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polymer, addition of nanoparticles, fibers and nucleating agents is normally done to enhance the
desired properties. Equally, magnesium, silver, silicon, steel, iron and boron nitrile are added at
nano- and macro-scale to enhance various purposes such as conduction, degradation, magnetic and

antimicrobial properties [7—11].

Inclusion of engineered nanomaterials to polymeric surfaces is an approach that has widely been
used in nanomedicine. As reported by Kim et al (2019) and Casalini et al (2019) , PLA based
nanomaterials have been employed as drug delivery devices for imaging and cancer treatment [12,
13]. This is because they are able to selectively permeate through the cell to the desired affected
site hence optimizing cost as well as minimizing the amount of the administered drug. Gourdon
and coworkers (2017) targeted an intestinal transporter by preparing PLA-PEG nanoparticles
loaded with antiviral drug (acyclovir)and functionalized with short peptides [14]. Encapsulation
efficiency of adapalene was greatly improved by developing PLA-PEG and PLGA nanoparticles
blended with lipid conjugate PEG, low molecular weight PCL and PLA [15]. Chiu et al (2008)
reported on purification of MWCNT (multiwalled carbon nanotubes) using strong acids resulting
to improved dispersibility and compatibility hence boosting the electrical conductivity of PLA

matrix [16].

Metal oxide nanoparticles including Ag,TiO2, Zno and CuO may be added to biopolymers and
synthetic polymers to impart new functionalities[17-21]. These nanomaterials not only minimize
the growth of foodborne pathogens but also increase the shelf life of the packaged products [22—
25].It is important to mention that United states food and drug administration (USFDA,
21CFR182.8991) acknowledges the use of zinc oxide nanoparticles as a safe additive [25, 26] .

Methods used to obtain the polymer matrix
Melt blending

This involves incorporation of nanomaterials into the molten polymer while optimizing various
operation conditions. Elsewhere in literature, a melt mixer was used to melt and mix polylactic
acid polymer with the nanofillers under operating conditions such as mixing speed of 50-100 rpm,
temperature between 160 and 180 °C in 5 to 10 minutes [27-30]. The hot press was then used to

mold the composite materials into flat sheets with controlled thickness.

In situ polymerization



As reviewed by Brezinski and Biela to polymerize lactide and CNT (carbon nanotubes), this
technique involves mixing the nanofillers with the monomeric solution in presence of catalyst

under the required reaction parameters to generate a polymer chain that is covalently bonded.
Solution mixing

Also known as solvent casting, this technique is categorized into three steps namely mechanical
stirring of the dispersed nanoparticles in a suitable solvent, dissolving the polymer in the later
dispersed solution and eradication of the solvent via lyophilization or distillation [30].Complete
removal of the solvent from the polymer composite is necessary to avoid plasticization as
suggested by Pinto and coworkers [31].The molten polymer matrix is then cast into a given mold
to obtain the required object. The solubility of polylactic acid is effective in organic solvents such
as chloroform, tetrahydrofuran (DHF), dimethylformamide (DMF), dioxane and benzene.
However, it is highly insoluble in ethanol, aliphatic hydrocarbons and methanol [30, 32].

The development of devices and items through design, fabrication, prototyping and fabrication can
be done using 3-dimensional printing also known as additive manufacturing. This novel
technology involves a layer-by-layer processing method guided by computer aided design. Ligon

et al reported the use of various materials for 3D printing, among them polylactic acid [33].

The daily consumption of freshly made juices and other drinks with shorter shelf lives due to
consumer interest in health and good nutrition has resulted to a vast change in lifestyle. In order to
maintain the desirable flavors and bioactive compounds of the packaged products, preservation is
key to maintain the microbial purity and extend the shelf lives of the products. This can be achieved
by incorporation of the ZnO and CuO nanoparticles to PLA bottle caps. The nanoparticles not only
act as antimicrobial agents but also UV resistant hence reduces the generation of free radicals
which may result to oxidative stress in the human body. This study aims at theoretically and
experimentally analyzing the possibility and impact of polylactic acid polymer and nanoparticles
blends. It will also help determine the effectiveness of zinc oxide and copper oxide nanoparticles
against the selected gram positive and negative bacteria. Production of PLA packaging products
with a self-cleaning property will reduce cases of cross contamination besides solve the threat of

plastic pollution in our environment.

Materials and methods



Reagents and instruments

The following analytical grade reagents were used as received without further purification; zinc
acetate dihydrate (Zn (CH3COO)>2H20), copper sulfate pentahydrate (CuSO45H20), ethanol
(CH2COOR), sodium hydroxide (NaOH) of 99% purity. Stock solutions of each salt were prepared

by dissolution in distilled water.
Synthesis of zinc oxide nanoparticles

A sol gel method reported by Alwan and co-workers (2015) [34] was used to synthesize zinc oxide
nanoparticles. About 8.8 g of zinc acetate dihydrate (Zn (CH3COQ)>2H,0) was dissolved in 100
ml distilled water to form a solution. Then, 0.1M NaOH was prepared by dissolving 4.0 g of
sodium hydroxide pellets in 100 ml distilled water. The two solutions were mixed and constantly
stirred at 60 'C for three hours. 100 ml of ethanol was then titrated dropwise to the solution
containing both zinc acetate dihydrate and sodium hydroxide until formation of a white precipitate
was observed. It was left overnight to settle and later washed with distilled water to remove
residual impurities and atmospheric-dried at 100 "C for 4 hours. A white powder was obtained as

a final product. It was then characterized using FTIR.

Synthesis of copper oxide nanoparticles

According to Rangel and co-workers [35], 0.1 M copper oxide solution was prepared by dissolving
4 g of copper sulphate in 100 ml distilled water and later stirred using a magnetic stirrer while
being maintained at lower temperatures of about 50 ‘C. Using a volume ratio of 1:1, sodium
hydroxide solution was added dropwise. The solution gradually changed colour from blue to black
precipitate. The black precipitate was then filtered and washed using deionized water to remove
the impurities. The powder was vacuum dried for 6 hours at 80 ‘C. The sample was then

characterized using FTIR.

Antimicrobial activity of zinc oxide and copper oxide nanoparticles

Both gram positive (Bacillus thuringiensis) and gram negative (Escherichia coli) bacteria were
tested to determine antimicrobial properties of the synthesized nanoparticles using well diffusion
method. The two bacteria were cultured in a nutrient broth at 37 “C. 100 ul culture broth having
10° cfv/ml of each test organism was spread on solid Muller Hinton agar plates. The plates were

allowed to stand for 1 hour to allow for culture absorption. About 20 ul of the synthesized ZnO
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and CuO nanoparticles solutions sample were then poured into the diffusion wells after incubation
for 12 hours. The size of the zones of inhibition was later measured using an automated image

processing method.

Computational Methods
Blending of PLA with zinc oxide or copper oxide nanoparticles

In this study, different PLA-nanoparticle formulations were used to determine optimal properties
including compatibility, adhesion, miscibility and mixing. The Materials Studio blends module
was used to predict the miscibility of polylactic acid, zinc oxide and copper oxide nanoparticles.
This method shortens the discovery process and also predicts the thermodynamics of mixing the
two components directly by combining the Flory-Huggins model and the molecular simulations.

The derived Gibbs free energy of the mix in a binary system is described by equation 1 [36].

AGmix Q)a ]
? = n—ﬂll‘l@a + n_:: an)b + X®a®b (1)

Where AG,,i.is the energy for free mixing per mole, @, are volume fractions, n, and n,, are degree
of polymerization, T is the absolute temperature, R is the gas constant and the interaction parameter
x. The combinatorial entropy (first two terms in equation 1) favors miscibility if it presents a
negative value while the free energy due to interactions of the two components (last term) would
predict immiscibility if it gives a positive value. The interaction parameter can be expressed as
shown in equation 2 [36, 37].

_ Emix
X = RT )

Here E,,;;, is the mixing energy which is the difference in interaction energies between the mixed

and pure state of the components.

Since each component occupies a lattice site in the Flory-Huggins model. The mixing energy for
a component with coordination number Z is shown in equation 3. The binding energy can then be
defined as the interaction energies between the two components. Each component could be
assigned a screen or base role. For instance, this study designated lactic acid the base role while

both the nanoparticles (zinc oxide and copper oxide) were assigned screen roles.



1
Emix = 5 Z((Egp+Eps—Epp—Ess)) )

Whereby Eg, denotes binding energy of the screen-base pair (ZnO/CuO-Lactic acid), Eps is the
binding energy of the base-screen pair (Lactic acid-ZnO/CuO), E vy, signifies the binding energy of
the base-base pair (Lactic acid-Lactic acid), Eg represents the binding energy of the screen-screen

pair (ZnO-ZnO/ CuO-CuO).

The average binding energy between the components is calculated by the excluded-volume
constraint method [36]which in turn generates relative orientations of the molecules. Probability
distribution function (E;) is generated by calculating pairwise interactions. Averaging the binding
energies using the Boltzmann method creates a temperature dependence of the Ejj as expressed in

equation 4 [38, 39].

_Ei]'/
deijP (Ei]-)Eijexp kT

(E;)T = 4)

deijP(Eij)e_Eij/kT
It is noteworthy to mention that several factors such as chain packing, degree of crystallinity, chain
flexibility, temperature, chemical nature of the individual components govern mixing for
polymers. Using MS simulations, PLA and the nanoparticles were optimized using the forcite
module by adopting charge using Q Eq and dreiding forcefield. The miscibility of the polylactic

acid and nanoparticles was achieved using the atom base summation method in blend module.
Adsorption of ZnO and CuO nanoparticles on PLA.

Adsorption of ZnO and CuO NPs was achieved using the adsorption locator and DMol3 modules
in material studio software (2021). The adsorbates (ZnO-NPs and CuO-NPs) were loaded to the
adsorbent (polylactic acid) using the adsorption locator which allows configurations by carrying
out Monte-Carlo simulations. Electrostatic interaction between the sorbate molecules and the
framework is achieved using the Ewald &group summation method. To determine total, adsorption
and deformation energies of the complex, density functional theory calculations were employed
using adsorption locator module. Both adsorbates (ZnO and CuO NPs) were annealed on the
adsorbent surface (PLA 1,1,0) to reduce the number of defects on the lattice surface. Optimization
of the crystal model was done to adjust the structure by carrying out numerous iterations needed

to converge to the minimum since directly simulating sketches molecules requires high energy
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configurations which may in turn result to erroneous results. This process therefore ensured

similarity to the real molecular structure.

Results and Discussion

Synthesis of ZnO-NPs and CuO-NPs

Zinc oxide nanoparticles were obtained by complete hydrolysis and condensation of zinc acetate
and sodium hydroxide in an ethanol medium. Maintaining the temperature at 60 "C, zinc acetate
was hydrolysed into zinc and acetate ions. Zinc cations then bonded with the oxygen anions
extracted from the hydroxyl group in the ethanol medium to form zinc oxide nanoparticles. This
was affirmed by the presence of a white precipitate. The precipitate settled overnight and was later
washed with distilled water to remove residual impurities and atmospheric-dried at 100 "C for 4
hours to obtain the white zinc oxide nanoparticles (Fig. 1a). The chemical reaction of the

nanoparticles synthesis is expressed as shown in equation 5.
Zn (CH3C00),.2H,0 + 2NaOH — > ZnO0 + 2NaCH;C00 + H,0 5)

Chemical co-precipitation technique was used to synthesize copper oxide nanoparticles. Copper
ions were reduced to metallic copper and later allowed to bond with oxygen to form copper oxide
nanoparticles. This was evident from the systematic change of color from blue to black precipitate
in Fig. 1b. The black precipitate was then filtered, washed using deionized water and dried at 80

°C to obtain black copper oxide nanoparticles.




Fig. 1a Reaction stages of zinc oxide nanoparticles ((a) white precipitate b) zinc oxide

nanoparticles))

d)

Fig. 1b Reaction stages of copper oxide nanoparticles. ((a) blue copper sulphate solution b) green

precipitate c) black copper oxide precipitate d) copper oxide nanoparticles))

The synthesized zinc oxide nanocrystals had absorption peaks in the range of 705.95cm™ ,829.39
cm,1047.35cm™, 1392.61cm™!, 1500.62cm™ and 3309.85 cm’!. The presence of Zn-O bond
exhibited the formation of zinc oxide compound after the annealing process which was later
supported by stretching vibrations at 705.95 cm™. The absorption band at 1047.35 cm™! was
ascribed to C-O bond of the ethanol. The peak at 1392.61 cm! revealed the presence of a secondary
alcohol. The absorption peak at 1500.62 cm™ was ascribed to the stretching vibration of the alkyl
group from zinc acetate while the broad absorption peak at 3309.85 cm™! was ascribed to hydroxyl
from ethanol. The FTIR spectrum of CuO-NPs shown in fig. 2 indicated the presence of Cu-O
bond shows the formation of copper oxide compound after the annealing process which is equally
attributed to Cu-O stretching modes observed at 525 and 584 cm™!. The absorption peaks within

the range of 1380-1640 cm™' were assigned to O-H vibrations combined with copper atoms.
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Fig. 2 FTIR spectrum for synthesized zinc oxide and copper oxide nanoparticles.
Antimicrobial activity of ZnO-NPs and CuO-NPs

Antimicrobial activity of zinc oxide and CuO nanoparticles was achieved by adopting the agar
well diffusion technique using Bacillus thuringiensis and Escherichia coli as the bacterial medium.
Various mechanisms including deposition of the nanoparticles on the bacteria surface, disruption
of the cellular operations of the bacteria by accumulation of the NPs in the periplasmic region of
the cell and formation of active hydroxyls explains the interaction of the nanoparticles and the
gram positive and negative bacteria. Zinc oxide and copper oxide in particular, destroyed the
cytoplasmic membrane by neutralizing the respiratory enzymes and immersing the cytoplasm
contents in an outward direction. This process interfered with the cellular membrane hence killing
the bacteria resulting in a zone of inhibition of bacterial growth [40, 41]. The ZnO and CuO
nanoparticles generated zones of inhibition as observed in Fig. 3a and 3b. The measurements of
the inhibition zones of bacterial growth have been tabulated in table 1. It is worth mentioning that
in this particular study, ZnO and CuO nanoparticles had antimicrobial effect against Escherichia
coli. Zinc oxide nanoparticles were observed to be slightly ineffective on Bacillus thuringiensis.
Narayan and team also determined the efficacy of zinc oxide nanoparticles against Escherichia
coli to be higher [42]. However, in a study done by Ahmed and coworkers in 2014,copper oxide

nanoparticles were found to exhibit inhibitory effect against most gram negative and positive
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bacterial strains including Pseudomonas aeruginosa and Escherichia coli respectively [43]. These

results were equally supported by studies published elsewhere in literature [44, 45].

Fig. 3a Inhibition zones of zinc oxide nanoparticles on a) Escherichia coli b) Bacillus

thuringiensis

Fig. 3b Inhibition zones of copper oxide nanoparticles on a) Escherichia coli b) Bacillus

thuringiensis
Table 1 Inhibition measurements of zinc oxide and copper oxide nanoparticles

Sample Bacteria Scientific name Bacteria type Inhibition zone (mm)
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ZnO NPs E. coli Escherichia coli Gram negative  371.96

CuO NPs E. coli Escherichia coli Gram negative  170.47
ZnO NPs B.t Bacillus thuringiensis Gram positive  N/A
CuO-NPs B.t Bacillus thuringiensis Gram positive  110.34

Computational Models of the geometrically optimized structures.

The optimized models were built using the material studio software 2021 user interface (Fig. 4).
The lattice parameters employed in developing respective unit cells have been shown in table 2.
Supercell units of 3x3x1 were created using the symmetry calculations for both the polymer and

metal oxide structures and later optimized using BFGS algorithm.

Fig. 4 Crystal models of a) PLA b) CuO c) ZnO

Table 2 lattice parameters for PLA, CuO and ZnO crystals

Structure Lattice Space Cell angle Lattice type

parameters (A)  group

PLA crystal a=30.00 Alpha=90.00

b =30.00 P1 Beta =90.00

c=10.00 Gamma=90.00 3D triclinic
CuO crystal a=13.959 P1 Alpha =90.00

b=10.230 Beta =90.00 3D triclinic
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c=5.108 Gamma=90.00

a=9.7478 Alpha=90.00
ZnO crystal b =9.7478 P1 Beta =90.00 3D triclinic
c=5.2054 Gamma=90.00

Blending of polylactic acid and zinc oxide and copper oxide nanoparticles

Polylactic acid and the nanoparticles were screened for compatibility. The lactic acid monomer
was geometrically optimized before carrying out blend calculations. ZnO-NPs and CuO-NPs were
screened against lactic acid (base role). This aided in calculations of the binding and mixing
energies of the polymer and the nanoparticles. Setting up the head and tail atom on the repeat units
were signified by presence of cyan and magenta cages around the respective atoms (Fig. 5). This
minimized close contact with any other atom in the system hence allowing the monomer to mimic

the rest of the “polymer which was represented by the non-contact atoms [38].

a) b)

Fig. 5§ PLA-ZnO and PLA-CuO blend (the cyan and magenta cages represent the head and tail

atoms)
Blends binding energy distribution
According to the distribution graphs, the binding energies of the lactic-lactic (Ebb), lactic-ZnO

(Ebs), ZnO-ZnO (Ess) do not have similar energy distributions hence the blend system is
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immiscible. PLA-CuO energy distribution is not symmetrical therefore it forms an immiscible

blend. This is equally supported by the positive chi parameter (0.3238) and the Emix (0.1918)

values.
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Fig. 6 Energy distribution of PLA-ZnO and PLA-CuO mixtures

Mixing energies and Flory-Huggin’s interaction parameters

Energy (kcal/mol)

The interaction chi parameter and mixing energies are important factors in determining the

compatibility of a binary system. The two components would prefer to mix if the chi parameter is

negative. In contrast, a positive value indicates the two components are immiscible. Similarly

positive mixing energies would be attributed to immiscibility while a negative mixing energy

would be ascribed to the two components tending to mix together under an exothermic process

[46, 47]. The immiscibility of PLA-ZnO and PLA-CuO was supported by the positive chi

parameter (0.3238,20.632) and the Emix (0.1918,12.221) values respectively within a temperature

range of 100-500K.
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Free energies

The free energies for each binary mixture at different temperatures and volume fractions was
computed via equation 1. The blend is expected to be miscible if AG,,;, < 0 [36] and only one
minimum point exists on the curve while immiscible if AG,,;, > 0.The binary systems were
computed at different temperatures and polymerization degree of polylactic acid set to 10000.As
observed in Fig. 8, the free energies for PLA/CuO NPs were positive at all temperatures hence
revealing miscibility for the binary system. At a temperature of 500K, the free energies are
negative therefore PLA/ZnO blend is slightly miscible and regarded immiscible at temperatures

50,162.5.275 and 387.5K since all the free energies were positive.
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Fig. 8 Free energies of PLA-ZnO-NP and PLA-CuO-NP blend against mole fractions
Phase diagrams

Phase diagrams aid in determining the compatibility and stability of various binary mixtures. It is
obtained from the derivatives of free energy AG,,;, to volume fractions [48]. The spinodal and
binodal curves are simulated from the second and first order derivatives of the free energy. Critical
point is the intersection point of the two curves. Not all mixtures have critical points according to
Flory-Huggins model, this could result to miscibility of the components at any given temperature
[49]. The region outside the binodal curve is stable hence a miscible binary mixture while the
region between the spinodal (green line) and binodal (blue line) curve is known to be metastable
implying that the concentration variation of any phase may result to separation within the blend
[36]. The unstability of the region within the spinodal curve causes spontaneous phase separation
of the binary mixtures. In addition, increasing the polymerization degree decreases the rate of
miscibility. The critical temperatures for PLA-ZnO and PLA-CuO blends are 495 and 3250 K
respectively as shown in figure 9. The region within the spinodal curve for the PLA-ZnO and PLA-
CuO blends equally support immiscibility. The results further show that both blends are miscible

at temperatures above the critical points.
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Fig. 9 Phase diagrams of PLA-ZnO and PLA-CuO blends
Adsorption of zinc oxide and copper oxide nanoparticles on PLA surface

Modification of the frequently touched surfaces PLA surface with ZnO and CuO nanoparticle
makes it less susceptible to bacterial infections. This is because it is able to effectively kill microbe
colony and prevent bacterial colonization [50]. Various factors such as chemical and topological
characteristics influence the rate of microorganism adhesion on numerous polymer surfaces. For
instance, a rougher PLA surface would provide more surface area for microbe adhesion than a
smoother surface. In reference to chemical characteristics, hydrophobic surfaces are more prone
to microorganisms than the hydrophilic surfaces [S0-54]. A number of studies have been done on
the mechanism of antimicrobial activity of nano ZnO and CuO and their dependence on size and
shape [42, 43, 55]. Adsorption of ZnO and CuO NPs on PLA (1,1,0) can be simulated as shown
in fig. 10. This would aid in determination of the binding, adsorption energy and prediction of the
adsorption isotherm associated to this process. The cleaved surface generated vacant sites to which

the ZnO and CuO nanoparticles would be later adsorbed.
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Fig. 10 Adsorbed ZnO and CuO nanoparticles on polylactic acid surface. (The red color represents
oxygen atom, white shows hydrogen atom, grey signifies carbon atom, bluish grey represents zinc

atom and red-orange signifies copper atom)

Incorporation of a ZnO-NPs and CuO-NPs to the polylactic acid resulted to a final adsorption
energy of -92.4486 and -654.8616 kcal/mol as expressed in table 3. The antibonding and bonding
state is created by assuming of being tightly localized, the adsorbate induced level is modelled as
a single layer after interaction of carbon and oxygen 2P orbital with the zinc and copper 3d state.
Presence of an empty antibonding state which is caused by the shift of the 3d orbital above the
fermi level results to a net attractive force between the nanoparticles and the polylactic acid.
Having fulfilled various characteristics of chemisorption including defined as a monolayer
process, an irreversible reaction due to involvement of chemical bonding between the molecules.
Energy of adsorption has been determined from the sum of deformation and rigid adsorption
energy. It describes the energy, in kcal/mol, released when the unrelaxed base PLA and
nanoparticles constituents are adsorbed on the PLA surface (1,1,0) while deformation energy is
the energy in kcal/mol, released when the adsorbed PLA-ZnO and PLA-CuO NPS are relaxed on
the PLA surface (1,1,0).

Table 3 Adsorption energy of PLA-ZnO and PLA-CuO interactions.
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No of | Structure | Total Adsorption | Rigid Deformation | ZnO;dE
configurations energy energy adsorption | energy ad/dNi
energy

1 PLA-ZnO | -1.6285 |-92.8022 -1.6285 -91.1737 -92.8022
2 PLA-ZnO |-1.6115 |-92.7853 -1.6116 -91.1737 -92.7853
3 PLA-ZnO | -1.5571 |-92.7309 -1.5571 -91.1737 -92.7309
4 PLA-ZnO |-1.3853 |-92.5591 -1.3853 -91.1737 -92.5591
5 PLA-ZnO | -1.2748 |-92.4486 -1.2748 -91.1737 -92.4486
6 PLA-CuO |-7.1914 |-656.5111 |-7.1915 -649.3197 -130.231
7 PLA-CuO | -6.7210 |-656.0407 |-6.7211 -649.3196 -130.675
8 PLA-CuO | -6.1698 | -655.4895 | -6.1698 -649.3196 -130.511
9 PLA-CuO |-5.8213 |-655.1410 |-5.8213 -649.3196 -130.708
10 PLA-CuO | -5.5419 |-654.8616 |-5.5419 -649.3197 -130.608

Prediction of adsorption isotherm

The theoretical results showed that adsorption of zinc oxide and copper oxide nanoparticle on
polylactic polymer surface follow Langmuir equation for adsorption (equation 6) since it describes
monolayer adsorption. In addition, it also gives clarity on surface homogeneity, distribution of
binding sites and the energies required to facilitate bonding of the adsorbate on the adsorbent

surface [56, 57].

e C
L=+, (6)

de - Krqm

Where C,and g, are amount of unadsorbed adsorbate concentration and adsorbed adsorbate in
solution at equilibrium respectively, K; is the Langmuir constant and g, is the maximum

adsorption capacity [58].

Conclusions

Zinc oxide and copper oxide nanoparticles were synthesized by sol gel and co-precipitation
techniques respectively. zinc oxide compound was ascribed to stretching vibrations at 705.95 cm’
! while Cu-O stretching modes were observed at 525 and 584 cm™  from the FTIR spectra. The

synthesized ZnO and CuO nanoparticles exhibited antibacterial effects on gram negative
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Escherichia coli and little effect on Bacillus thuringiensis. Through computational studies, strong
affinity exhibited by the strong intermolecular forces between ZnO-C, ZnO-O and CuO-C bonds
resulted to an interconnection between PLA and the nanoparticles hence a stronger adhesion which
further ensured the antimicrobial action would be effective for a longer duration. Polylactic acid
polymer was theoretically determined to be immiscible with Zinc oxide and copper oxide
nanoparticles. This is evident from the positive chi parameter, free and mixing energies. Both PLA-
Zn0O and PLA-CuO blends were predicted to be miscible at temperatures above the critical points
as observed from their respective phase diagrams. ZnO and CuO nanoparticles were adsorbed on

PLA surface (1,1,0) through a chemisorption process.
Future perspectives

The novelty of additive manufacturing coupled with application of improved biodegradable
polymers has been foreseen to cut on the ubiquitous plastic waste in the environment hence 3D
printing of polymer blends, composites and surface coated biodegradables. Researchers are also
encouraged to carry out more theoretical computations to complement the laboratory tests. Vast
application of polymer blends and composites with antimicrobial properties and corresponding

product tests in various fields.
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