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y of antidiabetic, bactericidal, and
antitumor activities of MEL@AgNPs, MEL@ZnONPs,
and Ag–ZnO/MEL/GA nanocomposites prepared by
using MEL and gum arabic

Abdelmoneim Bakur, ab Tarig Elshaarani,c Yongwu Niua and Qihe Chen*a

In this study, a variety of nanocomposites, namely, MEL@AgNPs, MEL@ZnONPs, and Ag–ZnO/MEL/GAwere

biosynthesized using MEL and gum arabic to serve in biomedical applications. The synthesized

nanocomposites were examined using X-ray diffraction (XRD), transmission electron microscopy (TEM),

scanning electron microscopy (SEM), and FTIR spectroscopy. The physicochemical properties and

biomedical activities of the synthesized nanocomposites were investigated. The Ag–ZnO/MEL/GA

nanocomposites showed greater antidiabetic activity against a-amylase and a-glucosidase, and higher

antibacterial activity compared to MEL@AgNPs and MEL@ZnONPs. Furthermore, HepG2 cells were

exposed to MEL@AgNPs, MEL@ZnONPs, and Ag–ZnO/MEL/GA nanocomposites for 24 h and their IC50

values were 63.25, 26.91 and 28.97 mg mL�1 (P < 0.05), respectively. According to this comparative study,

it is apparent that the Ag–ZnO/MEL/GA nanocomposites have a great potential to serve as antitumor

agents against HepG2, and antidiabetic and antibacterial agents.
1. Introduction

Recently, the number of infections of pathogenic bacteria has
increased and become a major health concern. The resistance
of bacteria to antibiotics, and the appearance of new bacterial
mutations, as well as a lack of drugs in underdeveloped coun-
tries, raise the demand for an effective and eco-friendly bacte-
ricidal agent.1,2 Resistance free bactericidal agents would be
benecial, particularly for foodborne diseases such as Escher-
ichia coli, Staphylococcus aureus, Pseudomonas aeruginosa,
Salmonella types, and Clostridium perfringens. Another major
health concern is diabetes, which is a set of metabolic
dysfunctions due to either defects in resistance or secretion of
insulin. This disease causes the blood's glucose level to elevate;
currently more than 387 million adults are affected in the
worldwide.3 Nowadays, diabetes treatment is extensively
studied using nanomaterials. They are small, biocompatible
and have a high drug loading capacity and efficiency.4,5 There-
fore, the development of new nanomedicine is increasingly
required to inhibit carbohydrate-hydrolysing enzymes with
minimum side effects.6 Another disease that can be treated
using nanocomposites is cancer, which is a multifunctional
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disease which occurs when the proliferation of cells becomes
uncontrolled. Cancer is one of the major causes of death
throughout the world. Hepatocellular carcinoma (HCC) which
is a kind of liver cancer has become one of the top four
aggressive tumors around the globe.7,8 Therefore, new treat-
ment of these diseases is highly demanded.

Nanocomposites are materials that can be produced by
incorporating two or more nano-llers. In recent years they have
attracted much attention due to their excellent multifunctional
attributes and improved properties over a monometallic NPs.9

In this regard, composites containing both noble metal NPs and
metal oxide are more attractive and have great potential in the
biomedical domains. Among them, ZnONPs have gained more
attention due to its functional properties. The photocatalytic
and antimicrobial activities of ZnONPs can be enhanced
through doping with Ag to produce Ag–ZnO.10 The interaction
between ZnO and Ag in the Ag–ZnO composites provides an
excellent inhibition of the bacterial growth.11,12 The properties
of nanocomposites depend on their size, shape, interfacial
characteristics, as well as the nature of nano-llers.13,14 In line
with this, biosurfactants have been emerged as an alternative
green materials for the synthesis of NPs compared to the
physiochemical and biological processes, biosurfactants are
biodegradable, stable, less toxic, uniform in shape, and have
improved biomedical activities of metallic NPs.15–19

In the current study, we used promising microbial surfac-
tants, mannosylerythritol lipids (MEL), because of their various
potential bioactivities, such as antimicrobial activity,
RSC Adv., 2019, 9, 9745–9754 | 9745
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antioxidant, interfacial, and antitumor properties. MEL has
been used in many elds, e.g. pharmaceutical, environmental,
and cosmetic.20–24 MEL has also gained particular attention due
to their behavior of self-assembling properties could be utilized
in gene transfection and drug delivery.25 As evident from
previous reports, biosurfactants have ability to mediate the
synthesis of NPs as both reducing and stabilizing agents, such
as rhamnolipid, sophorolipids, and lipopeptide bio-
surfactant.18,26,27 Gum arabic (GA, E-414) is an edible and dried
exudation obtained from the stems and branches of Acacia
senegal. It is widely used as a thickening, emulsier and stabi-
lizer agent for food, pharmaceutical and cosmetics industries.28

GA also has been extended to use in the nanomedicine
domains, because of its biocompatible for in vivo applications
and excellent stabilization of nanomaterials.29

In the last decade, many methods and techniques are
developed to fabricate nanocomposites using biosurfactants or
biopolymer ingredients to obtain a unique multifunctional.
Notable examples include sol-cast transformation method,
which was used to synthesize GC/PEG/ZnO/Ag nanocomposites
lms.30 Also, the deposition–precipitation method was used to
synthesize chitosan–Ag/ZnO nanocomposites.31 Solution
casting is another method of preparing nanocomposites. Ag-
doped ZnO as nanoller with cashew gum and chitin was
prepared through this method.32 Sol–gel technique was also
used to prepare ZnONPs using Pseudomonas aeruginosa rham-
nolipids.33 Also, the electrospinning process was employed to
produce Ag–ZnO bimetallic nanoencapsulated in PVP/PCL
nanobres.34

Here, we focused on developing a novel, facile, and eco-
friendly nanocomposites consisting of Ag and ZnO NPs coated
by biopolymers (gum arabic) and biosurfactants (MEL) to serve
as antidiabetic, antitumor, and bactericidal agents. To best of
our knowledge, there was no study available on the synthesis of
ZnO and Ag NPs using the mannosylerythritol lipids (MEL).
2. Experimental details
2.1. Materials

Gum arabic (GA, from acacia tree), a mannosylerythritol lipid
(MEL) was provided by fermentation engineering lab, Dep. of
Food Science and Nutrition, Zhejiang University, China. Zinc
acetate dehydrate (Zn(CH3COO)2$2H2O), and silver nitrate
(AgNO3) were purchased from Sinopharm Chemical Reagent
Co., Ltd. China. All the other reagents were utilized as received
at analytical reagent grade.
2.2. Synthesis of nanocomposites

2.2.1. Synthesis of MEL@AgNPs. The MEL was employed
as both the reducing and stabilizing agents in bioreduction of
silver ions. 200 mL of MEL in 1 mL of methanol diluted to 10 mL
with DI water was mixed with an aqueous solution of 2 mM
AgNO3 in alkaline medium 0.1 M KOH under magnetic stirring
at 80 �C for 30 min. Then, incubated overnight at 40 �C. The
change of color to brown visually appeared the formation of
AgNPs.
9746 | RSC Adv., 2019, 9, 9745–9754
2.2.2. Synthesis of MEL@ZnONPs. ZnONPs were synthe-
sized using zinc acetate dihydrate (Zn(C2H3O2)2$2H2O) as
a precursor. Typically, 1.2 g of zinc acetate was dissolved in
50 mL aqueous MEL solution under vigorous stirring until it
becomes homogeneous. Then, few drops of 0.1 M KOH solution
were added. The solutionmixture was allowed to stir at 90 �C for
1 h. The whitish paste was washed 3 times with distilled water
and ethanol and calcined at 500 �C for 2 h.

2.2.3. Synthesis of Ag–ZnO/MEL/GA nanocomposite. To
prepare Ag–ZnO/MEL/GA nanocomposite, ZnO was incorpo-
rated into Ag and coated by MEL and GA. Briey, AgNPs were
dispersed in an aqueous solution of GA (50 mL, 1 mg mL�1).
The suspension was sonicated for 30 min using an ultrasonic
bath sonicator. Then, 1 g of zinc acetate was dissolved in 50 mL
aqueous MEL solution. The prepared solutions were thoroughly
mixed with ratio 1 : 1 using magnetic stirring. Aer that, 0.1 M
solution of KOH was added dropwise to the mixture under
continuous stirring at $90 �C for 4 h. At last, the nano-
composites was thoroughly washed with distilled water and
ethanol, and calcined at 500 �C for 2 h.

2.3. Characterization of nanocomposites

FTIR spectra of the MEL@AgNPs, MEL@ZnONPs, and Ag–ZnO/
MEL/GA nanocomposites were analyzed using FTIR spectro-
photometer model (Vector 22, Bruker, Germany) in the range of
4000–500 cm�1. The crystallinity of the prepared nano-
composites was investigated via Siemens X-ray diffraction (XRD)
analysis. Dried powder of nanocomposites was drop-coated
onto glass slide, and the XRD pattern was recorded in a range
of 20–80� at 2q angle. The machine voltage was 45 keV, the
current was 20 mA, and Cu-Ka radiation was used as an X-ray
source. Furthermore, the structural features of the samples
were investigated using transmission electron microscopy
(TEM) (JEM-1230, JEOL, Akishima, Japan). The suspended
samples were dropped into carbon-coated copper grids, and the
excess samples were removed from the grid by using a cone of
a blotting paper. The prepared thin lm was reserved in a grid
box sequentially. Moreover, the nanocomposites morphology
was analyzed using scanning electron microscopic (SEM) (TM-
1000, Hitachi, Japan). Thin lms were prepared on a carbon-
coated copper grid by dropping the samples onto the grid's
surface, and the excess solution was removed using a blotting
paper. Then, the lms were dried under a mercury lamp for
5 min.

2.4. Antidiabetic activity

2.4.1. a-Amylase inhibitory activity. The a-amylase inhibi-
tion activity was investigated according to a modied method.35

To prepare a-amylase assay mixtures, tubes containing
MEL@AgNPs, MEL@ZnONPs and Ag–ZnO/MEL/GA nano-
composites with different concentrations (20–100 mg mL�1),
sodium phosphate buffer (0.5 mL, 20 mM, pH 6.9) and a-
amylase (1 U mL�1) were pre-incubated at 37 �C for 15 min.
Then, 250 mL starch solution (1%) was added as a substrate and
the tubes kept at 37 �C for another 15 min. The reaction was
ended by adding 1 mL of the DNS reagent (1% 3,5-
This journal is © The Royal Society of Chemistry 2019
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dinitrosalicylic acid and 12% sodium potassium tartrate in
0.4 M NaOH). The tubes were heated in a boiling water bath for
15 min and then cooled to 25 �C. The absorbance of the samples
was recorded at 540 nm using acarbose as a positive control.
The tube containing only the enzyme was considered as
a control with 100% enzyme activity. The inhibitory activity was
expressed as the percentage of inhibition.

2.4.2. a-Glucosidase inhibitory activity. The inhibition
activity of a-glucosidase was investigated according to a modi-
ed method.35 In brief, the a-glucosidase assay mixture
comprised the nanocomposites at a concentration of 20 to 100
mg mL�1, and 150 mL of 0.1% M sodium phosphate buffer (pH
6.9), a-glucosidase (1 U mL�1), was pre-incubated at 37 �C for
15 min. Then, 50 mL of 2 mM p-nitrophenyl-a-D-glucopyranoside
in sodium phosphate buffer was added to the mixture and
incubated at 37 �C for 20 min. The reaction was terminated by
adding 50 mL of 0.1 M sodium carbonate (Na2CO3). The absor-
bance was measured at 405 nm using acarbose as the positive
control. The tube containing the enzyme without samples was
considered as the control with 100% enzyme activity. The
inhibitory activity was expressed as the percentage of inhibition.
2.5. Bactericidal efficacy test

2.5.1. Well-diffusion technique. The bactericidal efficacy of
biosynthesized nanocomposites was tested against food-borne
pathogenic bacteria, Gram-negative bacteria (E. coli and S.
enteric) and Gram-positive bacteria (B. cereus and S. aureus) by
the well-diffusion technique. In this technique, bacterial
suspensions at a concentration of 105 CFUmL�1 were spread on
Mueller–Hinton agar (MHA) plates. Three wells with 6 mm
diameter were established in each of these plates using sterile
borer. 50 mL of each sample was added onto each well at aseptic
conditions. The tested plates were incubated at 37 � 2 �C for
24 h, and the inhibition zone was measured.

2.5.2. Morphological observation of the bacterial cells. The
effect of the biosynthesized nanocomposites on the morpho-
logical cells was observed using a scanning electron microscope
(SEM).36 In the current study, E. coli was selected as a model
bacterium at a density of about 108 CFU mL�1. E. coli treated
with different samples (Ag, ZnO and GA/MEL/ZnO/Ag) and the
untreated bacteria (control) were incubated at 37 �C for 4 h.
Aer that, the bacterial cells were collected by centrifugation
(12 000 rpm, 8 min), and rinsed twice with PBS. About 2.5% of
glutaraldehyde solution was utilized for cells xation and
dehydrated serially with an ethanol solution of 30%, 50%, 70%,
85%, 90%, and 100% concentration. Aer dehydration, the
bacterial cells were dried with a critical point dryer, xed on
SEM support, sputtered with gold coating and observed in SEM
(SEM, Model SU-8010, Hitachi, Japan). Furthermore, the TEM
analysis was used to explore the bactericidal mechanism of the
nanocomposites on E. coli cells. Thus, the xation and dehy-
dration steps were performed similarly to SEM steps. Then,
a sequence of pre-treatment processes for the TEM analysis
described by ref. 37 with slight medications were done, and the
cells were observed under TEM (JEM-1230, JEOL, Akishima,
Japan).
This journal is © The Royal Society of Chemistry 2019
2.6. Antitumor activity

The MTT assay was used to investigate the inhibition activity of
the biosynthesized nanocomposites against HepG2 cells.
HepG2 cells were obtained from Shanghai Cell Bank of China
and maintained in a humidied incubator 5% CO2 at 37 �C, in
DMEM (Dulbecco's Modication Eagle Medium) supplemented
with 10% fetal bovine serum (FBS) and 1% antibiotics solution
(100 U per mL penicillin and 100 mg per mL streptomycin). The
HepG2 cells were placed into 96-well plates at a density of 1.25
� 105 cells per well and incubated for 24 h. Aer incubation, the
cells were treated with the MEL@AgNPs, MEL@ZnONPs, and
Ag–ZnO/MEL/GA nanocomposites at different concentrations
(5–80 mg mL�1). The untreated cells were used as a control. The
proliferation activity of the cells was determined by adding
5.0 mg per mLMTT reagent aer 24 h of incubation. Finally, the
absorbance was recorded at 570 nm in a microtitre plate reader
(Thermo Electron Corp, Asheville, NC). The viability of HepG2
cells was expressed as a percentage of the control culture value,
which was considered 100% viable.

2.7. Statistical analysis

Statistical analysis was conducted using SPSS (version 19, USA).
The data were expressed as a standard deviation (mean � SD).
The statistical signicance of differences between groups was
assessed using one-way analysis of variance (ANOVA). A signif-
icant difference was considered at (p < 0.05).

3. Results and discussion

Bearing in mind the need for greener bioprocess and novel
enhancers for the synthesis nanomaterials using the microbial
method. The advantages of using MEL over the surfactants due
to their biocompatibility, excellent surface activity, diverse
biochemical functions, and its wide range of applications.38

MEL can be utilized as a vehicle for the gene, and drug delivery
is owing to their capability to form stable vesicles or nano-
structures, which are employed as models for the cellular and
molecular process. Also, the efficiency of gene transfection into
mammalian cells has been increased considerably by the
cationic liposome bearing MEL.20 Additionally, gums are
emerging as biodegradable substances, which have been used
as delivery systems.39 Based on this approach, we have prepared
Ag, ZnO and Ag–ZnO nanocomposites by using biocompatible
materials MEL and GA.

3.1. Characterization of nanocomposites

The crystalline structure of Ag, ZnO, and Ag–ZnO/MEL/GA
nanocomposites was identied by X-ray diffraction technique
(Fig. 1). The XRD analysis of MEL@AgNPs revealed four
diffraction peaks at 2q ¼ 37.9�, 44.17�, 64.32� and 77.42� that
associated to the (111), (200), (220) and (311) planes of the
crystal lattice, respectively (Fig. 1a). Similar diffraction peaks
were obtained by Sorbiun et al.40 XRD diffraction peaks of this
nanocomposite emphasized the face-centered cubic (fcc) and
the crystalline structure of AgNPs fabricated by MEL. Further,
the diffraction peaks of MEL@ZnONPs at 2q ¼ 31.60�, 34.46�,
RSC Adv., 2019, 9, 9745–9754 | 9747
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Fig. 1 X-ray diffraction patterns of (a) MEL@AgNPs (b) MEL@ZnONPs
(c) Ag–ZnO/MEL/GA nanocomposites.

Fig. 2 FTIR spectra of (a) MEL@ZnONPs (b) gum arabic (c) Ag–ZnO/
MEL/GA nanocomposite (d) MEL@AgNPs (e) MEL.
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35.88�, 47.46�, 56.23�, 62.74� and 68.03� were corresponded to
(100), (002), (101), (102), (110), (103) and (112), respectively.
These peaks conrmed the hexagonal wurtzite structure of ZnO
(Fig. 1b). The results are consistent with the previously reported
studies.41 Eventually, Fig. 1c showed the XRD diffraction
patterns of Ag–ZnO/MEL/GA nanocomposites. The diffraction
peaks that designed with “A” are attributed to AgNPs, while the
diffraction peaks marked with “,” are related to the hexagonal
wurtzite structure of ZnONPs. These diffraction peaks revealed
that there is no notable shi in their position, and both the Ag
and ZnO nanoparticles were successfully incorporated in the
nanocomposites and attached to the surface of GA andMEL. The
average crystallite size of Ag, ZnO and Ag–ZnO/MEL/GA nano-
composites was 43.14, 29.88, and 17.01 nm, respectively, ob-
tained by the Scherrer formula.33,42,43 Generally, the NPs obtained
by MEL are almost similar to those obtained by other bio-
surfactants and slightly larger than those obtained by chemical
surfactants.17,44–46 The intensity of the diffraction peaks of ZnO in
the nanocomposites became wider and weaker than that of pure
ZnO. This was attributed to the decrement in the crystal size of
ZnO when the ratio of Ag increased as the Ag could encapsulate
ZnO and thus reduces the growth of ZnO crystal. A comparable
phenomenon was stated in the earlier studies.42,47

The FTIR spectra were recorded to verify the possible inter-
actions of MEL in MEL@AgNPs, MEL@ZnONPs and Ag–ZnO/
MEL/GA nanocomposites. Fig. 2 exhibited stretching vibrations
of MEL at 3374, 2945, 1453, and 724 cm�1 which are correspond
to (O–H), (C–H), (C–H) and (C]O) absorption bands, respec-
tively. These bands are consistent with other's work.48 The
absorption bands at 1453 and 2945 cm�1 conrmed the presence
of the fatty acid chains. The bands of MEL in Ag and ZnO
nanoparticles were shiing remarkably, which might be due to
the reduction of Ag and ZnO.49 GA displayed notable stretching
vibration bands at 3386, 2920 and 1420 cm�1 that correspond to
O–H stretching vibration of polymer, C–H stretching of CH2

group and the deformations of the CH2 group, respectively. These
results are in a good agreement with other reports.50–53 Finally,
9748 | RSC Adv., 2019, 9, 9745–9754
the absorption bands of Ag–ZnO/MEL/GA nanocomposites
showed a minor shi and a low peak intensity compared to GA
and MEL, which was ascribed to the strong intermolecular
interactions between the functional groups in GA and MEL with
Ag and ZnO NPs. Similar ndings were also observed in the
synthesized of ChNW/ZnO–Ag nanocomposites.42

Fig. 3a–c showed the SEM images of the morphology of
MEL@AgNPs, MEL@ZnONPs, and Ag–ZnO/MEL/GA nano-
composites. SEM micrographs illustrated that both the Ag and
ZnONPs samples are spherical in shape, uniform and dispersed
with small size.40,54 Besides, themorphology of Ag–ZnO/MEL/GA
nanocomposites exhibited a homogenous structure, smooth
surface with slight agglomeration.55,56 The Ag and ZnO NPs are
uniformly distributed on the surface of GA and MEL. This could
be due to the role of the mannosylerythritol lipids (MEL) on the
morphology of the nanoparticles.

Additionally, the TEM images of MEL@AgNPs, MEL@Z-
nONPs, and Ag–ZnO/MEL/GA nanocomposites are shown in
Fig. 3d–f. The images conrmed the spherical shape of nano-
composites. The average size the pure ZnO was 29.88 nm, while
that of Ag–ZnO/MEL/GA nanocomposites was 17.01 nm. The
small size of Ag–ZnO/MEL/GA nanocomposites was due to the
increase in the Ag ratio.

3.2. Inhibition of a-amylase and a-glucosidase

Diabetes mellitus (DM) is multifunctional metabolic disorder
characterized by inadequate secretion or weakened action of
insulin resulting in high-level of blood sugar (hyperglycemia).
The digestive enzymes (a-amylase and a-glucosidase) play an
essential role in the digestion of carbohydrate.57 In this study,
the digestive enzymes a-amylase and a-glucosidase were used to
assess the antidiabetic efficacy of the prepared MEL@AgNPs,
MEL@ZnONPs, and Ag–ZnO/MEL/GA nanocomposites. As
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 SEM (a–c) and TEM (d–f) micrographs of MEL@AgNPs, MEL@ZnONPs, and Ag–ZnO/MEL/GA nanocomposite, respectively.
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shown in Fig. 4, all three samples demonstrated signicant
inhibition in a concentration-dependent reduction for both
digestive enzymes.

In the case of a-amylase inhibitory activity, Fig. 4a illustrates
the IC50 values of Ag, ZnO, and Ag–ZnO/MEL/GA nano-
composites, which were found to be 54, 49, and 43 mg mL�1,
respectively. While in a-glucosidase inhibitory activity, these were
found to be 51, 46, and 37, respectively (Fig. 4b). These results are
consistent with other studies.58–60 It has been found that the Ag–
ZnO/MEL/GA nanocomposites show a potent antidiabetic activity
in comparison with Ag and ZnO NPs, whereas ZnONPs revealed
marginally higher activity compared with AgNPs in inhibition of
a-amylase and a-glucosidase. Several publications have docu-
mented that the SPB1 biosurfactant could be a promising
candidate for the treatment of diabetes in addition to delaying
the later complications from it. The SPB1 biosurfactant has the
ability to reduce the blood glucose level due to the efficiency of
modulating the immune system leading to the decrease of b-cells
damages. In diabetic group, lipid droplets were observed in the
cytoplasm of hepatic and renal tissues, due to the lack of insulin
responsible for metabolizing fats.61 The chemical surfactants are
usually used to enhance the solubility and delivery of antidiabetic
drugs such as SDS, CTAB and Tween-80.62 Also, Edwards and his
colleagues63 suggested that using different kind of gums could be
effective in reducing postprandial hyperglycemia in human.
Furthermore, zinc is one of the essential trace elements acting as
insulin in the human body and enhances glucose consump-
tion.64,65 From the prior results, it can be concluded that the use
of Ag–ZnO/MEL/GA nanocomposites, biosynthesized using the
MEL and gum arabic, will be considerably helpful to inhibit the
carbohydrate-digesting enzymes and could demonstrate an effi-
cient way to control diabetes.
This journal is © The Royal Society of Chemistry 2019
3.3. Bactericidal potential studies

3.3.1. Well-diffusion technique. The bactericidal activities
of MEL@AgNPs, MEL@ZnONPs, and Ag–ZnO/MEL/GA nano-
composites were investigated against Gram-negative (E. coli and
S. enterica) and Gram-positive (B. cereus and S. aureus) food
pathogenic bacteria using the well-diffusion technique, and the
results of the zone of inhibition (ZOI) are presented in Fig. 5.
Generally, all these samples showed potential antibacterial
efficacy against all pathogens. Besides, the statistically insig-
nicant difference (p > 0.05) between the MEL@ZnONPs and
MEL@AgNPs was found for all pathogenic bacteria, except for E.
coli which were inhibited signicantly by MEL@ZnONPs more
than MEL@AgNPs (Fig. 5e). These ndings are in good agree-
ment with other works.66 Interestingly, Ag–ZnO/MEL/GA nano-
composites exhibited a signicantly higher efficacy compared to
monometallic counterparts MEL@AgNPs and MEL@ZnONPs
for all pathogenic food bacteria. This might be due to an
incorporated effect of Ag and ZnO NPs with biomolecules exis-
tent in the MEL and GA, which enhance the antibacterial
activity. Noteworthily, we observed that the Gram-negative
bacteria (E. coli and S. enterica) were more resistant than
Gram-positive (B. cereus and S. aureus) due to the external walls
of Gram-negative bacteria, which is built mostly from tightly
packed lipopolysaccharide leading to effectual resistibility
barrier working as resistive against reactive oxygen species.67,68

MEL has also demonstrated bactericidal activity particularly
against Gram-positive bacteria. This may be attributed to the
pattern of alkyl chain groups on the mannose moiety, which are
important factors for bactericidal activity.69 Also, the MIC of
MEL against Gram-positive bacteria are signicantly lower
compared to those of Span 20, sucrose monolaurate and
RSC Adv., 2019, 9, 9745–9754 | 9749
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Fig. 4 Antidiabetic efficacy of the prepared MEL@AgNPs, MEL@Z-
nONPs and Ag–ZnO/MEL/GA nanocomposite based on inhibition of
a-amylase and a-glucosidase.
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sorbitan monoesters of fatty acids.70 Silver based metal-
losurfactant prepared by using CTAB proved potent antimicro-
bial activity.71 The inhibition of pathogenic bacteria by
AgNPs,58,72 ZnONPs73,74 and Ag/ZnO nanocomposites10,30,31 have
been discussed in previous studies and operating of compa-
rable mechanism is possible. Eventually, these ndings suggest
potential antimicrobial activities of Ag–ZnO/MEL/GA nano-
composites as a promising candidate for bactericidal drugs.

3.3.2. Study of the bactericidal action. TEM and SEM
analysis of E. coli were used to explore the effect and action of
the biosynthesized MEL@AgNPs, MEL@ZnONPs, and Ag–ZnO/
MEL/GA nanocomposites on the bacterial cell. Fig. 6e and i
shows that untreated cells seemed to be normal in shape with
a smooth surface even the agella can be seen; also the EDX
analysis of the bacterial cells shows the absence of nano-
particles (Fig. 6a). In contrast, Fig. 6f and j shows that E. coli
treated by MEL@AgNPs show the partially damaged walls and
membranes (red arrows shows wall destroyed). Also, slight
9750 | RSC Adv., 2019, 9, 9745–9754
morphological changes in lysed cells lead to cell death.75 Fig. 6b
conrmed the existence of Ag nanoparticles on the bacterial
cells by EDX analysis. Fig. 6g and k shows that E. coli treated by
MEL@ZnONPs displayed considerable cell-shrinkage or
clumping and irregular structure (yellow arrows show cell-
shrinkage). The presence of ZnO on the bacterial cells was
veried by EDX analysis as shown in Fig. 6c. Meanwhile, E. coli
treated with Ag–ZnO/MEL/GA nanocomposites showed severe
cell-shrinkage and aggregation with broken walls and
membranes (red and yellow arrows show cell-shrinkage and
wall destroyed) as shown in Fig. 6h and l, which give rise to
seepage of cell contents and consequently the death of bacteria.
Further, the EDX analysis of the E. coli, treated by Ag–ZnO/MEL/
GA nanocomposites, demonstrated the presence of elements of
Ag and ZnO on the bacterial cell Fig. 6d. These results concur
with other studies.74–76 Potent antibacterial efficacy, with dual
actions of the Ag–ZnO/MEL/GA nanocomposites against E. coli
in comparison with Ag and ZnO nanoparticles, was observed.

Several mechanisms have been proposed for the antibacte-
rial activity of silver NPs. For instance, silver NPs may adhere to
the surface of the cell membrane disturbing permeability and
respiration functions of the cell17 but can also penetrate inside
the bacteria.77 Other hypothesis states that the deadly effect of
Ag, resulting from the interaction of ionic silver with thiol
groups, inhibits vital enzymes.78,79 Moreover, other studies
formulated hypothesis that ZnONPs can deform the wall and
membrane of E. coli cells due to roughness and toxic oxygen
radicals generated from the surface of ZnONPs, in addition,
penetration of ZnO inside the cells of E. coli leads to membrane
destroy, inhibition growth and nally cell death.80,81 Further-
more, the gum arabic shows antibacterial activity against E. coli
due to the phytochemical materials.82 In addition to these, MEL
has been demonstrated antimicrobial activity especially against
Gram-positive bacteria.83 Interestingly, other studies have veri-
ed the improved antibacterial actions of NPs synthesized by
using surfactants, e.g., Tween 80, CTAB, SDS, and polymers, e.g.,
PVP 360.16,84 So far, the exact mechanism behind the bacteri-
cidal activity is still not well known.
3.4. Cell viability assay

MTT assay was performed to evaluate the cytotoxicity effect of
biosynthesized MEL@AgNPs, MEL@ZnONPs and Ag–ZnO/
MEL/GA nanocomposites towards HepG2 cancer cells using
increased concentration levels (5–80 mg mL�1). Generally, the
cell viability of HepG2 was decreased signicantly with
increasing the concentrations of the synthesized samples. The
IC50 values of biosynthesized MEL@AgNPs, MEL@ZnONPs and
Ag–ZnO/MEL/GA nanocomposites for inhibition HepG2 cell
were found to be 63.25, 26.91, and 28.97ΜG/ML, respectively
(Fig. 7). It was observed that the HepG2 cells treated with the
lower doses of 5 mg mL�1 do not show any signicant cytotox-
icity. Other researchers have reported similar results.85 Inter-
estingly, there was no signicant difference between
MEL@ZnONPs and Ag–ZnO/MEL/GA nanocomposites. In
contrast, previous studies indicated that Ag–ZnO nano-
composites' cytotoxicity is lower than a MEL@ZnONPs in the
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Bactericidal efficacy of MEL@AgNPs, MEL@ZnONPs and Ag–ZnO/MEL/GA nanocomposite against (a) E. coli (b) S. enterica (c) B. cereus (d)
S. aureus and (e) inhibitions zone of MEL@AgNPs, MEL@ZnONPs and Ag–ZnO/MEL/GA nanocomposites against bacteria. Different letters in
each column refer significant differences (P < 0.05).
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same dose range.86 Arooj et al.87 conrmed that the antitumor
efficiency of Ag–ZnO NCs (with 10–30% Ag amount) were more
than ZnONPs to malignant melanoma HT144 cells under
daylight exposure. In our study, we did not determine the Ag
content as well as did not use a light source to improve the
cytotoxicity of Ag–ZnO NCs.
This journal is © The Royal Society of Chemistry 2019
The reason for the potential antitumor activity of Ag–ZnO/
MEL/GA nanocomposites might is due to the availability of
biomolecules existing in both MEL and GA, which possessed
antitumor efficacy against some cancer cells line. Besides the
role of surfactants in NPs decoration, they play an important
role in improving the solubility and cytotoxicity of anticancer
RSC Adv., 2019, 9, 9745–9754 | 9751
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Fig. 6 EDX spectra (a–d), SEM (e–h) and TEM (i–l) analysis of untreated E. coli, treated with MEL@AgNPs, MEL@ZnONPs and Ag–ZnO/MEL/GA
nanocomposites, respectively for each analysis.

Fig. 7 Antitumor activity of various concentrations of MEL@AgNPs,
MEL@ZnONPs and Ag–ZnO/MEL/GA nanocomposites against the liver
cancer cell line HepG2.
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drugs.88 MEL has also induces tyrosinase activity and promotes
the production of melanin.23 Many studies reported the anti-
tumor activity was enhanced with the presences of the surfac-
tants.71,88 Nevertheless, this is the rst comparative study in the
antitumor activity of Ag, ZnO and Ag–ZnO nanocomposites
using MEL and GA against the HepG2 cell line. More studies are
needed to gure out the biological mechanism of Ag–ZnO/MEL/
GA nanocomposites.
9752 | RSC Adv., 2019, 9, 9745–9754
4. Conclusions

In conclusion, we have successfully biosynthesized MEL@-
AgNPs, MEL@ZnONPs and Ag–ZnO/MEL/GA nanocomposites
using MEL and gum arabic. XRD, TEM, SEM, and FTIR spec-
troscopy conrmed the formation of these materials. Moreover,
the biosynthesized materials demonstrated signicant antidia-
betic efficacy in a concentration-dependent reduction for the
carbohydrate-digesting enzymes (a-amylase and a-glucosidase).
The bactericidal efficacy was investigated against pathogenic
food bacteria, Gram-negative (E. coli and S. enterica) and Gram-
positive (B. cereus and S. aureus) using the well-diffusion tech-
nique, and the results of the zone of inhibition (ZOI) were
measured. Also, the cytotoxicity test was performed against the
human HepG2 cell line. However, further investigations are
desired to explore the biological effects in vivo for the efficacy of
Ag–ZnO/MEL/GA nanocomposites.
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