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Development of biodegradable polymer as food packaging has been emerged with the increasing aware-
ness of achieving sustainable development goals. As a replacement of petroleum-based polymers,
Polylactic acid (PLA) has been widely utilized for food packaging. However, the main disadvantage of
PLA for food packaging is its brittleness and low stiffness. Therefore, this work aimed to evaluate the
potential usability of Zinc oxide (ZnO) and Graphene oxide (GO) as mechanical strengthening nanocom-
posites and their synergistic effect towards antibacterial property. The optimum formulation of PLA/ZnO/
GO nanocomposite active film was determined using RSM by defining concentration of ZnO (0–1.5 wt%),
concentration of GO (0–1.5 wt%) and mixing temperature (40, 50, 60 �C) as process parameters. The syn-
ergistic effect of ZnO/GO demonstrated a significant improvement in mechanical property. Both ZnO and
GO exhibited significant antibacterial activity towards E. coli and B. subtilis and their synergistic antibac-
terial property performed the best with 0.75 wt% ZnO and 0.75 wt% GO at 50 �C. Results also revealed that
ZnO was dominated in their synergistic effect for both mechanical and antibacterial properties. The opti-
mum formulations for PLA/ZnO/GO nanocomposite active film were determined at 1.06 wt% ZnO, 1.11 wt
% GO at 60 �C and 0.99 wt% ZnO, 1.28 wt% GO at 40 �C. The regression models by RSMwere validated with
the experimental results based on optimal formulations. In addition, SEM and FTIR investigation on two
optimal films confirmed the good compatibility between ZnO, GO and PLA matrix. Taken together, opti-
mized formula could provide useful insights for fabricating PLA-based active film and broadening their
application in food packaging industry.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rapid growth of plastics consumption has exacerbated the
waste contamination problem in the world. According to United
States Environmental Protection Agency (EPA, 2021), plastics pack-
aging and containers category had the most number of tonnage,
estimated over 14.5 million tons in 2018. In consideration of the
sustainability of environment, development of biodegradable
biopolymer was driven extraordinarily to replace the petroleum-
based synthetic polymers. Polylactic acid (PLA) is considered the
most promising biopolymer due to its environmentally friendly
production and biodegradation without creating problematic
residual waste (Panaitescu et al., 2017). It is also permitted by
the United States Food and Drug Administration (FDA) to be ‘‘Gen-
erally Recognized As Safe” (GRAS) for its use in food-contact mate-
rials or food packaging (Li et al., 2017). However, its poor
toughness and brittleness limit its application in plastic industry
that need plastic deformation under higher stress (Auras et al.,
2004; Khan et al., 2016). In order to improve its versatility, differ-
ent nanoparticles were reinforced to PLA in the light of the
advancement of nanotechnology (Sharma et al., 2019) and the
attractive intrinsic properties of nanoparticles include nanoscale
dimensions, unique morphology, high surface area, mechanical
strength and low density (Raquez et al., 2013).
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One of the ideal nanofillers is graphene oxide (GO) nanosheet, a
single monomolecular layer of graphite with a vast number of
oxygen-containing functional groups include carbonyl, carboxyl,
hydroxyl and epoxy to interact with many polar organic molecules
and polymers. Addition of GO to PLA-based film or nanocomposite
had significantly improved its mechanical property, thermal stabil-
ity, gas permeability (Mao et al., 2019; Park et al., 2020; Xu et al.,
2020) and antibacterial property for food industry application
(Grande et al., 2017; Gu et al., 2019). The synergistic effect of GO
with other nanoparticles such as zinc oxide (ZnO) even could fur-
ther improve the performance of nanocomposites films. ZnO is a
non-toxic, readily available, affordable and GRAS-listed (FDA,
2006) inorganic material that has great antibacterial activity
(62.5–99%) against pathogenic microorganisms (Khatir et al.,
2016; Rokbani et al., 2019; Wang et al., 2019).

Our previous study revealed the synergistic antimicrobial activ-
ity of GO/ZnO nanocomposite (Liew and Muhamad, 2019) but the
compatibility between PLA and GO/ZnO was yet to investigate.
Although some researchers reported that synergistic effect of GO
and ZnO as nanohybrid had enhanced mechanical and antibacterial
of PLA-based film (Huang et al., 2015), the comparison of synergis-
tic and individual effect of nanoparticles was scarce. The effect of
mixing temperature on their synergistic performance was not
examined as well though different temperatures had been reported
(Salehudin and Muhamad, 2018; Shankar et al., 2018). Therefore,
this work aimed to further develop an effectual method for the fab-
rication of PLA-based film containing GO/ZnO nanocomposites
based on our previous study using Response Surface Methodology
(RSM). The synergistic and individual effect of GO/ZnO nanocom-
posites on mechanical property and antibacterial efficacy against
Gram-negative (Escherichia coli) and Gram-positive (Bacillus sub-
tilis) bacteria were assessed. Optimized formulation of PLA/GO/
ZnO film was identified using desirability approach and validated
by comparing the experimental results. The optimal samples were
ultimately characterized to study the compatibility of nanocom-
posites with PLA chain via SEM and FTIR analysis. This information
could be useful for development of PLA-based film as feasible
active packaging for food packaging industry.
2. Materials and Methodology

2.1. Materials

Polylactide resin (Weight: >98%, Density: 1.25 g/cm3) from
Ingeo biopolymer, NatureWorks, US and chloroform (MW:
119.38; Density: 1.47 g/cm3) from Qrec, Thailand were procured
to produce PLA film. Acetone (MW: 58.08; Density: 0.789 g/cm3)
from HmbG Chemicals, Germany acted as dissolving solvent for
ZnO dispersion (Concentration: 20 wt% in water; Average part size:
� 40 nm APS) from Sigma-Aldrich, US and powdered GO (Purity:
>99%, Thickness: 1–5 nm, Lateral dimension: 5–10 mm, Average
number of layer: 4–8, Surface area: 210 cm2/g) from Platonic Nan-
otech, India to produce nanocomposite.
2.2. Fabrication of PLA/ZnO/GO nanocomposite film

Fabrication of PLA/ZnO/GO nanocomposite film was done
according to Huang et al. (2015) and Salehudin and Muhamad
(2018) with slight modification. A known concentration of GO
nanoparticle (0–1.5 wt%) was dispersed into ZnO nanoparticle
(0–1.5 wt%) with acetone and ultrasonicated at 40 �C for 1 h. Dis-
solved GO/ZnO solution was then dried in oven to get ZnO/GO
nanocomposite and to be added into PLA solution. The final mix-
ture undergone vigorous stirring for 3 h at different temperatures
(40, 50, 60 �C). This was followed by casting on 19 cm � 19 cm
2

acrylic plate and dried at room temperature for overnight. The final
PLA/ZnO/GO nanocomposite film formed was conditioned in desic-
cator for 48 h prior to testing. The whole experiment was repeated
to incorporate different concentrations (wt%) of GO and ZnO
nanoparticles into PLA based film at different temperatures based
on the designed formulations using RSM.

2.3. Experimental design using RSM

A three-factor, three-level Box-Behnken experimental design
with 5 replicates at the center point and a set of points lying at
the midpoint of each edge of multidimensional cube that defines
the region of interested was designed. Box-Behnken has an advan-
tage over other statistical analysis in term of accuracy and timesav-
ing as it can determine the potential interactions between
parameters with fewer number of experiments within known con-
centrations level. The processing variables (ZnO, GO, temperature)
and predictive regression models were constructed for tensile
strength (TS), Young’s Modulus (YM), elongation at break (Eb),
antibacterial rate (R) for E. coli and B. subtilis parameters. Experi-
mental design involved 17 runs where all check points performed
over the entire experimental domain to validate the chosen exper-
imental design and polynomial equations. The response surface
analysis was performed using Design Expert Version 6.0 software
where 3D response surface plots were drawn. The quadratic model
(Eq. (1)) was given as follow and fitted for each response analysed:

c ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b12X1X2 þ b13X1X3 þ b23X2X3

þ b11X
2
1 þ b22X

2
2 þ b33X

2
3 ð1Þ

where c denotes estimated response; b0 denotes intercept; b1 to b33

are regression coefficients computed from the observed experimen-
tal values of X1, X2, X3 denote coded levels of processing variables
(ZnO, GO and temperature respectively). The statistical validity of
the polynomials was established based on ANOVA provision in
Design Expert software as well. Eventually, the feasibility and grid
searches were performed to locate the composition of optimum
formulations.

2.4. Mechanical property

The mechanical characteristics of films included TS, YM and Eb
were evaluated using CT3 Texture Analyzer (AMETEK Brookfield,
US) by referring the standard ASTM D 882-02. The TA-DGA fixture
accessories which are specifically used for packaging and thin
sheet polymer were employed. The gauge length was set to 5 cm
with crosshead speed 0.5 mm/min. Films were cut into rectangular
shape (7 cm � 1 cm) to perform the tests. A minimum of five spec-
imens were recorded for each test and averages values for TS (Eq.
(2)), YM (Eq. (3)) and percentage of Eb (Eq. (4)) were determined
as follows (Yong et al., 2019):

Tensile strength; TS kPað Þ ¼ F= x�Wð Þ ð2Þ

Young0sModulus; YM MPað Þ ¼ F� Lð Þ= DL� Að Þ ð3Þ

Elongation at Break; Eb %ð Þ ¼ DL=L0 � 100 ð4Þ
where F denotes the stress for film fracture in Newton (N), x denotes
film thickness (mm),W denotes the film width (mm), L is the length
(mm), DL denotes the increased length when film break (mm), A
denotes the area (mm), L0 denotes the initial film length (mm).

2.5. Antibacterial activity

Antibacterial activity was performed using a viable colony
count method (Shankar et al., 2018) with modification. Film sam-
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ples were cut into discs with diameter 10 mm. Spoilage microor-
ganisms such as Bacillus subtilis and Escherichia coli are studied
because they are commonly found in raw, fresh and fermented
products such as beef, fruits, vegetables, dairy products etc. Both
bacteria were kindly provided by Faculty of Science, Universiti
Teknologi Malaysia through the isolation from pineapple waste.
A colony of spoilage microorganisms was inoculated in respective
nutrient broths and incubated at desired conditions. An exact
100 mL of culture broth containing spoilage microorganisms was
transferred to 20 mL nutrient broth contained approximate 6 mg
film sample and incubated at 37 �C for 24 h under mild shaking
(200 pm). The optical density (OD) readings at 600 nm were taken
after 24 h of incubation. The cell viability of spoilage microorgan-
isms was calculated by counting the bacterial colonies formed on
the agar plates. The relationship between colony forming unit
(CFU/mL) and OD were studied and plotted as standard curves
for both Escherichia coli (R2 = 0.9972) and Bacillus subtilis
(R2 = 0.9983). Hence, the CFU/mL results were interpolated based
on the standard curves by multiplying the CFU/mL at respective
OD with dilution factor. The pristine PLA film without ZnO and
GO was taken as control. A minimum of three specimens were
studied for each bacteria and average values for their antibacterial
rate were calculated as Eq. (5):

Antibacterial rate;R %ð Þ ¼ N0 � Nð Þ=N0x100% ð5Þ
where N0 and N denote the average CFU/mL on control sample and
AM film samples respectively after antibacterial evaluation.

2.6. Optimization and validation of models

In order to obtain active packaging with optimal properties (Y1:
TS, Y2: YM, Y3: Eb, Y4: R/E. coli, Y5: R/B. subtilis), numerical and
graphical optimization of all independent values (X1: ZnO, X2:
GO, X3: temperature) were conducted using desirability approach
within the limits of independent variables. The experimental
results that achieved based on the suggested optimal concentra-
tions were then compared with the predicted values by models
to verify the adequacy of the regression models. The optimal films
were then characterized to study their morphology and structure.

2.7. Microscopy characterization by SEM

Microstructure analysis of optimal films were done with scan-
ning electron microscopy (SEM) model Hitachi TM3000 (Hitachi
High-Technologies Corporation, Tokyo, Japan). The film surfaces
(10mmx10mm) were mounted on aluminum sub using strips of
double-faced carbon tape. The images were observed with an
accelerating voltage of 5 kV and a current of 1750 mA.

2.8. Chemical structural analysis by FTIR

Structural changes of optimal films were observed through
Fourier-Transform Infrared (FTIR) spectra. FTIR analysis was per-
formed with Thermo Nicolet iS50 Spectrometer (Thermo Fisher
Scientific Co., Waltham, MA, USA). Films (10mmx10mm) were
mounted in sample compartment to determine FTIR spectra in
the range of 400–4000 cm�1 over 16 scans averagely with resolu-
tion of 4 cm�1.

3. Results and discussion

Incorporation of ZnO/GO nanocomposite into PLA with different
nanocomposite concentrations and stirring temperature were
studied based on proposed formulations. Experimental mean val-
ues of processing variables were elucidated in Table 1 to evaluate
3

their effects on mechanical and antibacterial properties. Based on
the results inputted into Design Expert software, the fit summary
output revealed that 2FI and quadratic models were statistically
significant as a function of TS, YM, Eb parameters and R. Table 2
summarized the regression coefficient and ANOVA analysis for
TS, YM, Eb, R for E. coli and B. subtilis.

3.1. Effect on tensile strength

Mechanical property is one of the crucial parameters evaluating
the ability of film to maintain packaging integrity against external
stress and tensile factors. Table 1 showed that pristine PLA film
exhibited 19.287 kPa, 0.6795 MPa and 2.99% for TS, YM and Eb
respectively. Maximum TS (27.825 kPa) was obtained at 0.75 wt%
ZnO and 40 �C without GO whilst minimum TS (9.051 kPa) was
achieved at 1.5 wt% ZnO and 0.75 wt% GO at 40 �C. Increasing
ZnO and GO concentration could improve the TS of PLA film in
which its crystallinity has enhanced due to their strong interfacial
interactions between nanocomposite and PLA, counteracting the
brittleness of PLA matrix. Well dispersion of nanocomposites
within the PLA matrix could enhance the functional groups’ bond-
ing within as well. However, overloaded ZnO and GO caused
adverse effect for TS, probably due to the agglomeration of
nanoparticles (Heydari-Majd et al., 2019) with the effect of tem-
perature. Their synergistic effect was also altered by low tempera-
ture (40 �C) in this study. To maintain their high effectiveness,
concentration of both ZnO and GO had to be higher than 0.75 wt
% and stirred at high temperature (60 �C).

The Model F-value of 26.21 implied that this model was signif-
icant and only 0.02% chance that a ‘‘Model F-value” this large could
occur due to noise, showing that it was a well-fitted model. In this
case, the ZnO (X1), GO (X2) and interaction of ZnO (X1) with tem-
perature (X3) designated as X1 X3 were significant model terms
and ranked decreasingly as follow: X1 > X1X3 > X2. Insignificant
lack of fit proved that this model was desirably fitted and ade-
quately to explain the data with high coefficient of determination
(R2 = 0.9574). Ratio of adequate precision that was greater than 4
indicated adequate model discrimination. The final empirical
model in term of the TS for all factors was presented as follow:

c ¼ 34:597� 37:816ZnOþ 6:638GO� 0:311Temp� 1:74ZnO�GO

þ 0:644ZnO�Temp� 0:061GO�Temp

The 3D response surface for TS at fixed middle temperature
(50 �C) as illustrated in Fig. 1(a) had a linear profile. It was sug-
gested that high concentration of ZnO could negatively affect the
TS which was inversely proportional to GO. Compared to GO, high
concentration ZnO could agglomerate easily thereby restricting the
uniform dispersion. Agglomeration, non-uniform dispersion and
recrystallization of ZnO caused discontinuous cracks in PLA matrix
that lowered its TS (Ngo et al., 2018). However, the limitation of
ZnO could be overcome with the addition of GO. When GO was
modified by the ZnO nanoparticles, more physical or chemical
cross-linking points were formed to provide more favorable inter-
molecular interactions with PLA matrix. Perturbation plot in Fig. 1
(b) demonstrated that ZnO deviated drastically when its concen-
tration increased, implying its significant effect. In contrast, GO
and temperature did not deviate much from reference point. It
was concluded that TS was positively affected by GO but negatively
affected by ZnO.

3.2. Effect on Young’s Modulus

Reinforcement of ZnO and GO had greatly improved the YM
where the maximum response for YM (1.7783 MPa) was obtained
at 0.75 wt% ZnO and 0.75 wt% GO at 50 �C. Even the minimum



Table 1
Box-Behnken design matrix used for the evaluation of the effects of processing variables on several responses.

Runs Independent Factors Responses

X1 X2 X3 Y1 Y2 Y3 Y4 Y5

ZnO
(wt%)

GO
(wt
%)

Temp
(�C)

Tensile
Strength
(kPa)

Young’s
Modulus
(MPa)

Elongation at
Break (%)

Antibacterial
rate for E. coli
(%)

Log Reduction
(CFU/mL) for E. coli

Antibacterial rate
for B. subtilis
(%)

Log Reduction (CFU/
mL) for B. subtilis

1 0.75 0.75 50.00 16.846 1.6805 1.03 93.52 1.167 73.18 0.571
2 1.50 0.75 40.00 9.051 1.6659 0.52 64.00 0.441 75.99 0.620
3 0.75 1.50 40.00 18.701 1.5755 1.21 58.32 0.378 87.25 0.894
4 0.00 0.75 60.00 18.401 0.6984 2.70 48.00 0.283 53.48 0.332
5 0.75 0.75 50.00 15.390 1.6064 0.99 85.52 0.830 67.55 0.489
6 0.75 0.75 50.00 15.400 1.7366 0.90 72.72 0.560 81.62 0.736
7 0.00 0.75 40.00 25.524 0.5431 4.70 16.00 0.075 45.03 0.260
8 0.75 0.75 50.00 17.457 1.5273 1.24 82.32 0.745 87.25 0.894
9 0.75 1.50 60.00 20.331 1.7196 1.21 77.52 0.643 81.62 0.736
10 0.75 0.00 60.00 16.588 1.5552 1.10 69.52 0.512 19.70 0.095
11 1.50 1.50 50.00 11.349 1.5240 0.74 64.00 0.441 59.11 0.388
12 0.75 0.00 40.00 27.825 1.1761 2.37 74.32 0.586 75.99 0.620
13 1.50 0.00 50.00 11.081 2.0362 0.56 32.00 0.167 14.07 0.066
14 0.00 0.00 50.00 19.287 0.6796 2.99 0.00 0.000 0.00 0.000
15 1.50 0.75 60.00 24.436 0.9559 2.57 75.92 0.614 81.62 0.736
16 0.00 1.50 50.00 23.471 1.1847 1.99 80.00 0.693 11.26 0.052
17 0.75 0.75 50.00 16.138 1.7783 0.97 64.72 0.450 75.99 0.620

Table 2
Regression coefficient and ANOVA analysis for tensile strength, Young’s Modulus, elongation at break and antibacterial rate for E. coli and B. subtilis.

Coefficient Estimate Y1: Tensile Strength
(kPa)

Y2: Young’s Modulus
(MPa)

Y3: Elongation at
Break (%)

Y4: Antibacterial rate
for E. coli (%)

Y5: Antibacterial rate
for B. subtilis (%)

Prob > F Prob > F Prob > F Prob > F Prob > F

Model F-value 26.21 0.0002* a29.75 0.0026* 113.46 0.0002* 8.13* 0.0294* 23.37 0.0041*

Sum of squares
Model 195.74 (DF: 6) 2.72 (DF: 9) 16.94 (DF: 9) 9232.08 (DF: 9) 12161.52 (DF: 9)
Residual 8.71 (DF: 7)
Lack of Fit 5.43a (DF: 3)
Pure Error 3.29 (DF: 4) 0.041 (DF: 4) 0.066 (DF: 4) 504.83 (DF: 4) 231.32 (DF: 4)
Cor Total 204.45 (DF: 13) 2.76 (DF: 13) 17.00 (DF: 13) 9736.91 (DF: 13) 12392.85 (DF: 13)
Standard Deviation 1.12 0.10 0.13 11.23 7.60
Mean 17.57 1.42 1.59 60.30 54.68
R2 0.9574 0.9853 0.9961 0.9482 0.9813
Adjusted R2 0.9208 0.9522 0.9873 0.8315 0.9393
Adequate Precision 18.589 17.533 38.071 8.426 13.576

Regression Model 2FI Quadratic Quadratic Quadratic Quadratic

Regression coefficient Prob > F Prob > F Prob > F Prob > F Prob > F

Intercept b0 16.58 1.67 1.02 33.60 79.76 77.12

Linear b1 �5.18 <0.0001* 0.42 0.0011* �0.92 �19.84 4.00 0.5157 15.48 0.0152*
b2 1.72 0.0079* �1.714E-003 0.9745 �0.20 �15.92 28.00 0.0076* 14.07 0.0208*
b3 1.27 0.1352 �0.012 0.8986 �0.26 �23.92 33.60 0.0260* �19.70 0.0403*

Quadratic b11 �0.46 0.0029* 0.96 �12.00 �19.84 0.0647 �30.82 0.0044*
b22 0.15 0.1042 �0.41 17.60 �15.92 0.1123 �25.19 0.0090*
b33 �0.16 0.0801 0.80 �24.00 �23.92 0.0380* 18.44 0.0255*

Interactions b12 �0.98 0.1228 �0.25 0.0072* 0.30 0.0101* �12.00 0.0995 8.44 0.0905
b13 4.83 0.0030* �0.089 0.4713 0.74 0.0067* 17.60 0.2338 �23.92 0.0481*
b23 �0.46 0.5642 0.084 0.3908 0.26 0.0817 �24.00 0.0692 16.89 0.0624

DF: Degrees of freedom.
*Tern that was tested significant to evaluate its effect on response variables when Prob > F less than 0.05.

a Term that was tested not significant when P > F greater than 0.100.
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response (0.5431 MPa) that achieved at 0.75 wt% GO and 40 �C
without ZnO was also comparable to pristine PLA which was
0.6796 MPa. In the absence of ZnO, lower concentration of GO
did not contribute much to the YM unless it was in high concentra-
tion (1.5 wt%). This was because high GO concentration provided
more hydrogen bonds available for stronger bonds’ interactions
between GO and PLA matrix (Lagarón et al., 2016). Moreover,
increase of rigidity was in good correlation with the ZnO concen-
tration. Similar positive trend was depicted by Pantani et al.
(2013) when ZnO was increased from 1 to 2 wt%. The values of
4

YM were corresponded to the TS, implying that ZnO was domi-
nated in the synergistic effect of ZnO and GO in mechanical prop-
erty enhancement.

The Model F-value of 29.75 implied that this model was signif-
icant and good fitted. The ZnO (X1), second order effect of ZnO (X1

2)
and interaction of ZnO (X1) with GO (X2) designated as X1X2 were
significant model terms and their decreasing order was:
X1 > X1

2 > X1X2. It was proven that temperatures had insignificant
effect on the YM since most of the formulations performed similar
YM values (1.1–2.0 MPa) for all temperatures. This quadratic



Fig. 1. 3D response surfaces for (a) Tensile strength, (c) Young’s Modulus, (e) Elongation at break and Perturbation plots for (b) Tensile strength, (d) Young’s Modulus, (f)
Elongation at break. Linear and hyperbolic profile illustrated the changeable effect of variables on responses at fixed middle temperature (50 �C). The perturbation plots
demonstrated that ZnO had significant deviation from reference point.
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model was fitted and adequately to explain the data with high
coefficient of determination (R2 = 0.9853). The adequate precision
value of 17.533 suggested adequate model discrimination and its
final empirical model in term of the YM for all factors was pre-
sented as follow:

c ¼ �3:390þ 2:72ZnO� 0:616GOþ 0:163Temp� 0:813ZnO2

þ 0:262GO2 � 0:00164Temp2 � 0:452ZnO�GO

� 0:0119ZnO�Tempþ 0:0112GO�Temp

Fig. 1(c) that presented 3D response surface for YM at fixed
middle temperature (50 �C) had a hyperbolic profile in accordance
with the quadratic model. Generally, increasing ZnO could improve
the performance of YM but it could be further enhanced with the
5

addition of GO. However, the great performance was limited by
high GO concentration. The limitation was probably due to the
agglomeration of nanoparticles and percolated network effect of
excessive GO and ZnO (Marques et al., 2012). Hence, higher level
(1.5 wt%) of ZnO or middle level (0.75 wt%) of GO/ZnO were prefer-
able for the greatest result. This could be further explained from
the perturbation plot in Fig. 1(d) where ZnO factor deviated signif-
icantly from reference values.
3.3. Effect on elongation at break

Eb was deduced inversely proportional to TS and YM as incre-
ment of ZnO and GO concentration resulted a decrease in Eb.
Table 1 showed that pristine PLA film exhibited the second highest
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Eb which was 2.99%. The maximum Eb (4.7%) was achieved at
0.75 wt% GO and 40 �C without ZnO whilst minimum value
(0.52%) obtained at 1.5 wt% ZnO and 0.75 wt% GO at 40 �C. The
homogeneous distribution of nanocomposites in PLA matrix
enhanced the interactions bonds with nanocomposite but also
undergone plastic deformation with higher crystallinity and lower
flexibility. The crystallinity of PLA was mainly contributed by ZnO
thus the individual or synergistic effect of ZnO was more signifi-
cant compared to other variables. This was in agreement with
the influence order of significant terms which was ranked decreas-
ingly as follow: X1 > X1

2 > X3
2 > X1X3 > X1X2, X2

2 > X2 where terms
were ZnO, second order effect of ZnO, second order effect of tem-
perature, interaction of ZnO with temperature, interaction of ZnO
with GO, second order effect of GO and GO. Effect of temperature
on Eb was notable also since 60 �C obtained higher Eb value than
40 �C when the concentration of ZnO and GO was same. In order
to improve the plasticity and reduce film resistance of PLA film,
it was suggested to add in plasticizer such as glycerol or polyethy-
lene glycol (PEG) into PLA matrix (Byun et al., 2010).

Based on the ANOVA analysis in Table 2, the Model F-value of
113.46 suggested that this quadratic model was significant and
low ‘‘Model F-value” represented a well fitted model. Overall, high
coefficient of determination (R2 = 0.9961) indicated the data could
be adequately explained in this model. On the other hand, ade-
quate precision of 38.701 stating adequate model discrimination
since its ratio was greater than 4. The final empirical model in term
of the Eb for all factors was presented as follow:

c ¼ 29:218� 9:122ZnO� 1:285GO� 0:923Tempþ 1:702ZnO2

� 0:733GO2 þ 0:00798Temp2 þ 0:526ZnO�GO

þ 0:0989ZnO�Tempþ 0:0344GO�Temp

The effect of different factors at fixed middle temperature
(50 �C) on Eb was presented by 3D response surface in Fig. 1(e)
as a hyperbolic profile. The Eb value was slightly increased with
the low concentration of GO but gradually dropped at high concen-
tration. Meanwhile, increasing ZnO decreased the response value
gradually until it reached 1.13 wt% ZnO to become static. Generally
known that TS that represents stress is inversely proportional to Eb
which represents plasticity. Yet Eb response resembled the
decreasing trend for TS in this study. The highest Eb value was
achieved at low concentration of GO and without ZnO. This was
probably due to the strong interface between nanocomposites
and polymer matrix that restricted the movement of PLA chain
(Kanmani and Rhim, 2014; Yuan et al., 2018). The deviation change
of each factors was demonstrated with perturbation plot in Fig. 1(f)
where ZnO factor deviated the most compared to GO and temper-
ature factors.
3.4. Effect on antibacterial rate

The cell viability of E. coli and B. subtilis after 24 h of incubation
was demonstrated in Fig. 2. Results showed that increment of both
ZnO and GO concentration demonstrated a positive trend in
antibacterial rate for E. coli especially due to their synergistic effect.
As high as 93% of antibacterial rate could be achieved by the syn-
ergistic effect of ZnO and GO. Film containing GO induced friction
and weakened the outer membrane of the cell causing the cell to
be exposed whilst Zn2+ from ZnO was in contact with negatively
charged bacterial membrane, resulting a protein solidification
and enzyme inactivation. These occurrences were further inhibit-
ing the growth of bacteria (Zhong et al., 2018). However, the syn-
ergistic effect of ZnO and GO was remarkably affected by
temperature where lower (40 �C) and higher temperature (60 �C)
performed lower antibacterial rate. These temperatures also nega-
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tively affected the performance of individual GO or ZnO when
incorporated into PLA matrix. The maximum R for E. coli (93.52%)
was determined at 0.75 wt% ZnO and 0.75 wt% GO at 50 �C. This
was significantly different from the minimum rate (16%) that
obtained at 0.75 wt% GO at 40 �C without ZnO. Hence, the optimum
R was at the middle temperature (50 �C) with the middle level
(0.75 wt%) ZnO or GO.

Based on Table 2, The Model F-value of 8.13 suggested that this
quadratic model was significant and only 2.94% chance that a
‘‘Model F-value” this large could occur due to noise, proving that
it was a well fitted model. The significant model terms for this case
were GO (X2), temperature (X3), second order effect of temperature
(X3

2) and their influence was ranked decreasingly: X2 > X3
2 > X3. In

general, high coefficient of determination (R2 = 0.9482) and high
adequate precision indicated the model could be adequately
explained and discriminated. The final empirical model in term
of the R for E. coli for all factors was presented as follow:
c ¼ �798� 43:09ZnOþ 255:79GOþ 27:92Temp� 35:28ZnO2

� 28:30GO2 � 0:2392Temp2 � 21:33ZnO�GO

þ 2:347ZnO�Temp� 3:2GO�Temp

Fig. 3(a) illustrated 3D response surface to evaluate the effect of
different factors at fixed middle temperature (50 �C) on R for E. coli.
The increment of both GO and ZnO improved the antibacterial rate
but the performance of GO was more significant than ZnO. Superior
antibacterial rate (93.52%) was achieved by the synergistic effect of
GO (1.5 wt%) and ZnO (0.75 wt%). This was owing to the strong
interaction of GO and ZnO with the bacterial membrane which par-
alyzed the proliferating capabilities of bacteria, high dispersibility
and compatibility of GO with polymer matrix (Wu et al., 2020).
Furthermore, the electrons transferred between ZnO and GO can
absorb surface oxygen to form different reactive oxygen species
(ROS) which induced lipid peroxidation and ultimately damaged
the bacterial membrane (Zhong and Yun, 2015). Researchers also
claimed that electrons transferred from bacterial membrane to
graphene surface could cause oxidative stress through ROS-
independent pathway to induce bacterial death (Cobos et al.,
2020). It summarized that both GO and ZnO performed great
antibacterial activity against E. coli at middle temperature
(50 �C). The deviation change of each factors was illustrated with
perturbation plot in Fig. 3(b) where temperature and GO factors
deviated the most compared to ZnO factor.

Similar notable antibacterial property by their synergistic effect
was observed for B. subtilis at all temperatures, achieving 67% to
87%. This was attributed to the synergistic effect of Zn ions to bind
tightly with bacterial membrane thereby disrupting its prolifera-
tion. Special 2D structure of GO that reacted strongly with bacterial
lipid bilayer could damage its membrane as well (Zhong and Yun,
2015). Meanwhile, the individual antibacterial performance of GO
or ZnO was correlated to the temperature as ZnO exhibited greater
antibacterial property than GO at 40 �C. On the contrary, GO had
better antibacterial performance than ZnO at 60�. It was suggested
that higher temperature could distort the dispersion of ZnO in PLA
matrix thereby negatively influencing its performance. The maxi-
mum R for B. subtilis (87.25%) was determined at 0.75 wt% ZnO,
0.75 wt% GO at 50 �C and 1.5 wt% ZnO, 0.75 wt% GO at 40 �C.
The minimum rate (11.26%) was obtained at 1.5 wt% GO at 50 �C
without ZnO.

The quadratic model was proven significant and well fitted with
large Model F-value and low Prob > F. Most of the model terms
were significant, including ZnO (X1), GO (X2), temperature (X3),
second order effect of ZnO (X1

2), second order effect of GO (X2
2), sec-

ond order effect of temperature (X3
2) and interaction of ZnO (X1)

with temperature (X3) which designated as X1 X3. Their order of



Fig. 2. Cell viability of E. coli and B. subtilis after 24 h of incubation.
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influencewas ranked decreasingly as follow: X1
2 > X2

2 > X1 > X2 > X3
2 >-

X3 > X1 X3. In summary, the coefficient of determination
(R2 = 0.9813) was high enough to indicate the data was adequately
represented in this model. Adequate model discrimination was
also shown from the large adequate precision. The final empirical
model in term of the R for B. subtilis for all factors was presented
as follow:

c ¼ 524:22þ 251:06ZnO� 37:90GO� 19:70Temp� 54:79ZnO2

� 44:78GO2 þ 0:184Temp2 þ 15:01ZnO�GO� 3:19ZnO�Temp

þ 2:252GO�Temp

The 3D response surface for effect of different factors at fixed
middle temperature (50 �C) on R for B. subtilis evaluation was illus-
trated in Fig. 3(c). The hyperbolic profile of the graph depicted that
increment of both GO and ZnO individually could improve the
antibacterial rate yet to some extent only, approximately after
0.75 wt% concentration would cause adverse effect. It was also
notable that ZnO had more significant performance than GO if
compared individually. Similar to the previous discussion, the syn-
ergistic effect of ZnO and GO had the greatest performance, espe-
cially when both reached 0.75 wt%. The antibacterial rate was
also affected by the concentration and composition since low con-
centration might be insufficient to inhibit the bacterial activity
whereas stacking or well-adhesion of nanoparticles to each other
at high concentration might diminish the antibacterial perfor-
mance (Gouvêa et al., 2018). The deviation change of each factor
was illustrated with perturbation plot in Fig. 3(d) where tempera-
ture factor deviated the most compared to ZnO and GO factor.

Both ZnO and GO showed higher susceptibility of Gram-
positive, B. subtilis than the Gram-negative, E. coli. This could be
related to the differences in cell wall structure where B. subtilis
had thick peptidoglycan layer surrounded by negative charge
bonds, thereby had more affinity towards the positively charge
ion, Zn2+ compared to the E. coli that consisted thin peptidoglycan
layer (Esmailzadeh et al., 2016). It could also be inferred that GO
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did not exhibit antibacterial property as great as ZnO individually
and overloaded ZnO might cause uniform dispersion which further
affected the antibacterial performance.
3.5. Multiple responses optimization and validation

Optimization of multiple responses using desirability approach
is desired to determine the optimal food packaging film with great
mechanical strength and antibacterial property. In this study, all
the responses were maximized and the processing variables
(ZnO, GO and temperature) were studied within their range of
level. There were two comparable compromised formulations.
The first formulation (PLA40) was interpolated at 0.37 wt% ZnO,
1.28 wt% GO and 40 �C with 0.611 desirability. Contrarily, the pro-
cessing variables were set at 0.99 wt% ZnO, 1.10 wt% GO and 60 �C
for second formulation (PLA60) with 0.601 desirability. The 3D sur-
face responses for both desirability were illustrated in Fig. 4(a) and
(b).

Based on the proposed formulations, it was noticed that the
concentration of GO did not vary much (1.11–1.28 wt%) to achieve
the optimum results whilst the concentration of ZnO was varied
with temperature. Lower concentration of ZnO (0.37 wt%) was pre-
ferred at lower temperature (40 �C). Contrarily, higher temperature
(60 �C) would accompany with higher ZnO concentration (1.06 wt
%). Lower ZnO concentration could achieve better mechanical
properties but lower antibacterial rate compared to the higher
ZnO concentration. This inferred that ZnO was the determining fac-
tor in this formulation whereas GO was the supporting material to
achieve the comparable performance of mechanical properties.
Hence, it could be concluded that the ZnO concentration was
adaptable based on temperature while the GO could be fixed at
middle level concentration in this formulation. In consideration
of the optimal antibacterial rate, PLA60 is chosen over PLA40 for
its higher antibacterial rate and comparable mechanical properties
with control sample.



Fig. 3. 3D response surfaces for antibacterial rate against (a) E. coli, (c) B. subtilis and Perturbation plots for (b) E. coli, (d) B. subtilis. Hyperbolic profile illustrated that
maximum response obtained at the middle level of ZnO/GO concentration. Temperature deviated the most from reference point in the perturbation plots.

Fig. 4. 3D response surfaces for the optimization of multiple responses using desirability approach at (a) 40 �C and (b) 60 �C. Even though 40 �C had higher desirability, its
value decreased drastically when ZnO and GO increased. Meanwhile, hyperbolic profile in 60 �C had comparable desirability for all level of ZnO and GO concentration.
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In order to validate the adequacy of proposed models, the pre-
dicted values for responses were compared with the actual exper-
imental values based on 2 optimum formulations. The comparison
was summarized in Table 3 where their percentage errors were
calculated. The results demonstrated that all actual values were
acceptably close to the predicted values since all percentage errors
were not more than 16%. This validated the empirical models
developed from Box-Behnken software were reasonably adequate
8

for all the responses especially for TS and R. The proposed opti-
mum formulations were also satisfactorily employed and exam-
ined in following section.

3.6. Microstructure study of composite using SEM

The influence of ZnO/GO nanocomposite on the microstructure
of PLA was investigated by SEM as illustrated in Fig. 5. The micro-



Table 3
Comparison of predicted and actual values of responses and their percentage error.

Responses Predicted value Actual value Percentage error* (%)

PLA40
TS (kPa) 22.2229 22.5749 1.5840
YM (MPa) 1.2464 1.1024 11.5533
Eb (%) 2.51058 2.2267 11.3073
R/E. coli (%) 57.3053 56.2220 1.8904
R/B. subtilis (%) 70.0245 65.8393 5.9768

PLA60
TS (kPa) 18.1956 17.8658 1.8125
YM (MPa) 1.58397 1.3732 13.3064
Eb (%) 1.58108 1.3280 16.0068
R/E. coli (%) 90.8209 88.7525 2.2775
R/B. subtilis (%) 80.4274 78.2091 2.7581

*Percentage error = [(Actual value – Predicted value)/Predicted value] � 100%.

Fig. 6. FTIR spectra of control and optimal films based on optimum formulations.
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graph of pristine PLA showed a clean but not very smooth surface
with crazes, proving the brittleness behavior and plastic deforma-
tion of PLA at high temperature. On the other hand, the flakes of
ZnO/GO were evident on the surface of PLA60, showing the disper-
sion of ZnO/GO nanocomposite within PLA matrix. However, the
flakes were bigger in size than that in PLA40 which had smaller
and separated flakes. This could be attributed to the agglomeration
of ZnO/GO nanocomposites when they were at high concentration.
In accordance with Huang et al. (2015), this might be attributed to
the distance between two ZnO/GO nanocomposite were small until
they inclined to stack together. Although the GO concentration was
higher in PLA40 (1.28 wt%), lower ZnO concentration in within
(0.37 wt%) had counteracted the agglomeration of nanocomposites
thus they were not stacked together and dispersed homogeneously
in PLA matrix. These results inferred a satisfactory interaction and
compatibility between PLA, ZnO and GO but the interactions could
be influenced by the high concentration of nanocomposite.
3.7. Chemical interactions study using FTIR

The intermolecular interactions between PLA biopolymer
chains and nanoparticles were analyzed using FTIR. As indicated
by Fig. 6, FTIR of three samples presented main absorbance regions
in the range of 1000–1800 cm�1 and 600–900 cm�1. Overall, the
FTIR absorbance peaks of control, PLA40 and PLA60 were similar
indicating they were exhibiting the same chemical composition.
Specifically, all the three samples had absorption band near
752 cm�1 which represented C=C bending. The characteristics of
stretching vibration in ZnO nanoparticles was shown at
667 cm�1 in accordance with Rajaura et al. (2017) and
Ubaidullah et al. (2020). The peaks around 868 cm�1, 1380 cm�1,
Fig. 5. SEM images at 5000� magnification for s
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1451 cm-1and 2995 cm�1 were associated with the C–H stretching
that contributed by the saturated hydrocarbons (Sabbagh et al.,
2021; Shankar et al., 2018). The intense peaks at 1746 cm�1 were
ascribed to the C=O stretching vibrations of ester groups in PLA
molecules (Qu et al., 2010). The spectra of 1080 cm�1 and
1180 cm�1 also demonstrated the presence of C-O stretching and
bending vibrations in GO and ZnO lattice (Lavand and Malghe,
2018). Apparently, as the concentration of GO increased, the
absorption bands became wider and lower as shown by PLA40
which has 1.28 wt% GO. The addition of high ZnO concentration
(0.99 wt%) in PLA60 did not affect the absorption bands yet the
effect of higher ZnO concentration (>1 wt%) was still unknown that
need further investigation. It was deduced that GO had more
remarkable effect on the intermolecular interactions within PLA
than ZnO in this study. In overall, the insignificant change of absor-
bance peaks of all samples implied that addition of GO and ZnO
would not affect the chemical structure of PLA biopolymer chain.
It also implied that ZnO and GO nanoparticles could work well as
a promising nanocomposite to be incorporated into PLA-based
biopolymer.

4. Conclusion

Box-Behnken experimental results revealed that ZnO and GO
nanoparticles were incorporated successfully into PLA matrix at
different temperatures. ZnO, GO and temperature could positively
affect the mechanical and antibacterial properties of PLA film but
amples (a) control, (b) PLA40 and (c) PLA60.
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was negatively affected by low temperature (40 �C). Both ZnO and
GO exhibited significant antibacterial activity towards E. coli and B.
subtilis especially their synergistic antibacterial effect. Optimum
formulations were achieved at 40 �C and 60 �C using RSM. The ade-
quacy of each model was validated by optimal formulations and
proved that the models were well fitted. With optimal formula-
tions, SEM showed that ZnO/GO nanocomposites exhibited good
intercalation in PLA matrix whilst FTIR spectra indicated that
nanocomposites could blend well with PLA biopolymeric chain.
Overall, synergistic effect of ZnO and GO as nanocomposites could
be potentially utilized for active food packaging to extend food
shelf life. Further investigation on the biodegradation of film and
kinetic release of nanocomposites could be done. The application
of this active film could be further examined for its antibacterial
effect of nanocomposites on real food monitoring as well.
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