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Abstract

Garlic (Allium sativum L.) is well renowned
for its antimicrobial potential and broadly
consumed spice globally for its medicinal
properties. Moreover, several studies advocate
that garlic contains many bioactives that
demonstrate strong therapeutic properties in
treating cardiovascular diseases, digestive
system, diabetes, cancer, obesity, hypertension,
inflammation, antioxidant, and viral infection.
Presently, therapeutics of natural origin are
drawing major interest among consumers due
to their antimicrobial efficacy and safety. Garlic
extracts, chitosan by- products, several spices
and antimicrobial peptides are illustrations
for such products. The present review paper
inspects briefly the major active ingredients
and key biological functions of garlic-
based nanoparticles discussing the relevant
mechanisms of actions.

Keywords: Antimicrobial, bioactives,
antioxidant, antibiofilm, health benefits, Natural
products.

Introduction

Garlic (Allium sativum L.) is a renowned
medicinal herb, acknowledged from primeval
times and recognized for its culinary, flavoring,
seasoning, nutraceutical, medicinal and
insecticidal properties [1-3]. All preparations

against various health problems are well-
practiced and recorded amongst different folk
cultures and literature. The health benefits
of garlic derive from the synergistic activity of
present complex chemical components. It is
a rich source of various mineral components
such as potassium, phosphorus, sulphur, zinc,
selenium, germanium, major amino acids, and
moderate amounts of vitamin A and C [4, 5].

The development and extensive
predominance of multi-drug resistant bacteria
are foremost public health burden across global
[6]. The difficulties to control severe contagions
occurrences due to high antibiotic resistance
have led to increased health care expenditures
as well as patient ill health and death. Currently,
there is great demand for naturally derived
product-based therapeutics such as garlic,
spices, chitosan-based derivatives, and
antimicrobial peptides which are considered
as major alternatives for their antimicrobial
usefulness and for low drug resistance amongst
popular human pathogens. Lately, medicinally
important garlic has attracted worldwide
attention due to its antimicrobial potential and for
its capability in not to accelerate drug resistance
in clinically significant human pathogens.
[7]. Garlic is a case of such naturally derived
therapeutic compound.

Garlic is produced next to onion plant
grown worldwide where China has major
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manufacturer share of 75% globally [8].
Furthermore, garlic is generally consumed
for its antimicrobial properties against various
kinds of bacteria, fungi, parasites, and execute
biological activities which include anti-MDR,
antibiofilm and fungicidal properties [3-5].
Moreover, recently there is rapid development in
drug delivery using nanoparticles [9, 10] and the
perspective of biomedical applications of garlic
based nanoparticles has improved. Moreover,
silver based nanoparticles (AgNPs) are
extensively used in contrast to comprehensive
range of bacterial pathogens [11]. Therefore,
biosynthesis of silver nanoparticles particularly
engaging plants has attracted a lot of attention
as major alternatives in treatment and control of
infection by human pathogens [12].

Nanotechnology entails the use and
management of nanometer-size materials (1-
100 nm) and their applications. Different forms
of garlic extracts (Table 1) and their isolated
bioactives are being used as a constituent in
biosynthesis of nanoparticles owing to their
exceptional properties appropriate to different
applications. However, due to its strong
odour, lipophilic nature, high volatility, low
physicochemical stability, the extensive use of
garlic oil has limited applications among people
and communities[13-15]. Therefore, there is
strong need for use of modern techniques which
can enhance functional properties and preserve
beneficial properties. To increase the industrial
applications of garlic oils, developing into

nanoscale microemulsions by reducing their
normal dosage levels will be more advantageous
[16]. Garlic based nanoparticles find extensive
applications as therapeutics and to lesser extent
in agriculture and food. There is great demand for
nano based products which are biocompatible,
sustainable, and less noxious to environment.
In this setting, there is a rising attention in using
plant phytoconstituents such as garlic and
its extracts as a source of representatives to
counter many phytopathogens that pose threat
to agriculture production. The present review
intends to provide informed support on garlic-
based nanoparticles structures, and formulations
with unique emphasis on allicin for usage in
treatment of human diseases to highlight their
biological effects (i.e., antibacterial, antibiofilm
and antifungal) emphasizing biosafety and
limitations of garlic-based nanoparticles use.

Active ingredients of Garlic

Allium sativum (bulbs) are designated to
be enriched with numerous phytochemicals
including sulfur-containing compounds.
However, allicin and ajoene are two major chief
active components of garlic, marking similarities
and differences are shown in Table 1 [17].
The main active sulfur-containing compound
of garlic is allicin [S-(2-propenyl)-2-propene-
1-sulfinothioate] which is formed during tissue
damage and is accountable for typical smell and
taste of garlic [1]. Allicin is lipid soluble sulphur
compound, deemed as the most abundant
thiosulfinates found in freshly crushed garlic

Table 1 The comparison between garlic allicin and ajoene

Compound [ Chemical name Molecular | Structure Biological Odour Content
Formula activity
Allicin Diallylthiosulphinate C.H,0s, ? Unstable Sour or High
spic
NN N picy
allicin
Ajoene 4,5,9-trithiadodeca- C,H,,0s, Stable No distinc- | low
1,6,11-triene-9-oxide tive smell
1l
P e N N N
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and is known to induce allergic reactions [18].
Furthermore, allicin is known to exhibit diverse
biological properties comprising antimicrobial,
antifungal and antibiofilm [19]. Besides, allicin
is highly volatile, unstable, and rapidly oxidised
with limited applications. The antimicrobial
properties of allicin is exerted through multiple
mechanisms which include 1) membrane
disruption and thereby causing damage to cell
structure [20, 21] 2) modify gene expression
of microorganisms [22] 3) interact with thiol
containing enzymes thereby inducing oxidative
stress [23, 24](Fig.2) 4) immunomodulation [9].
Ajoene, on the other hand, an organosulfur
compound found in garlic, is a molecule that is
significantly stable and biologically active and is
documented for its deep antimicrobial activity
which specifically inhibits quorum sensing in
pathogenic bacteria such as Pseudomonas
aeruginosa [25, 26].

Garlic based biogenic nanoparticles and its
bioactives applications
Antibacterial effect of garlic

Garlic based nanoparticles have multitude
of biomedical applications as shown in Fig.
2. Allicin is the chief component of garlic that
attributes towards diverse clinical pathogens
which include antibiotic resistant, Gram-positive
and Gram-negative bacteria such as Shigella,
Escherichia coli [27], Staphylococcus aureus,
Pseudomonas aeruginosa [28], Streptococcus
mutans, S. faecalis, S. pyogenes, Salmonella
enterica, Klebsiella aerogenes [29], Vibrio,
Mycobacteria, Proteus vulgaris, and
Enterococcus faecalis [30] (Table 2).

Tomisketal.[31]reported preparation ofwild
garlic (Allium ursinum L.) extract encapsulated
by means of spray congealing technology
to safeguard its bioactive compounds with
enhanced oral bioavailability. The encapsulation
of microparticles led to enrichment of the
extract dissolution performance and improve
its solubility by more than 18-fold over pure
extract. Furthermore, stability of microparticles
was boosted over three months period

displaying a minor reduction in bioactives (allicin
and S-methyl methanethiosulfonate) whilst
upholding determined antimicrobial properties.
Consequently, the findings suggested that
encapsulation of wild garlic (A. ursinum) extract
by above technology is a trusted method
toward enhancing properties of the extract
without conceding its antibacterial properties
alongside P. hauseri, E. coliand S. enteritidis for
biopharmaceutical applications. Another study
established a proteome model to identify allicin’s
cellular mechanism of action in Escherichia coli
[32]. In this study, after treatment of cells with
0.79 mM allicin, 73 S-thioallylated proteins were
isolated and studied further for its inhibition
mechanism. It was demonstrated that, allicin
modifies low-molecular weight cellular thiols
such as glutathione (GSH), altering the GSH-
based cellular redox-potential towards more
oxidized state for set of cytoplasmic proteins.
The candidate protein isocitrate lyase AceA, is
mainly inhibited by allicin treatment.

The large surface area of nanoparticles
(NPs) makes them more efficient against
bacteria [33]. The efficacy of NPs counter
to bacteria is principally due to electrostatic
attraction  between  negatively  charged
membranes and positively charged NPs. Wu
et al. [34] investigated the chemically synthesis
of extremely active molecule, (2E, 2E)-4,4-
trisulfanediylbis(but-2-enoic acid) (TSDB) using
comparative molecular field analysis (COMFA)
with diallyl trisulfide structure of garlic against
Staphylococcus aureus. The authors concluded
that TSDB presented strong inhibitory effect
against S. aureus at low inhibitory and low
bactericidal concentrations of 16 and 128 g/
mL, respectively by damaging the integrity
of S. aureus cell membrane structure and
weakening bacterial cell wall. Additionally,
TSDB correspondingly ~ enhanced the
conductivity and protein expression in microbial
broth but had little influence on leakage of
extracellular alkaline phosphatase from cell
wall. In another study, Zheng et al.[35] prepared
monodispersed garlic oil microspheres in
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Table 2 Garlic based extracts and their bioactives potential role as therapeutics.
1 ° o
. 0 © g3 o %5 S 8
- g 3 2 |8|ES] 55 2o | 5
= © 3] S = | g E O 8B © 9o 9]
%) K] & w > S5 §° © o T
1 | Fresh garlic MRSA, Pseu- Candida Clinical Synergistic  antimicrobial | Antifungal [37]
extracts domonas aerug- | albicans isolates effect of aged garlic
inosa and type |extracts with fungistats
cultures and antibiotics on bacterial
and fungal growth
2 | Garlic extract methicillin- slow and sustained release | Treatment [38]
(Solgel) resistant of garlic componentsii) sta- | of chronic
Staphy bilization of the active com- | infections
lococcus ponent and iii) significant | due to biofilm
aureus enhancement of antimicro- | forming
(MRSA) biofilms bial and antibiofilm activity | drug-resist-
ant bacteria
3 | Allicin Candida Prolonged release effect | Antifungal [39]
(Polybutyl albicans and nano-scale dimen-
cyanoacrylate) sions of PBCA nanoparti-
nanoparticles cles
4 | Allicin Lance-field group | clinical Clinical Antimi-cro- | [40]
(Novel gel B strepto-cocci isolates isolates of bial
Formulation) (GBS) of Can- Can-dida
dida
5 | Diallyl disulfide breast Enhanced anticancer Anticancer | [41]
[Solid cancer effect
lipid nanopar- cell lines through induction of
ticle] (MCF-7 apoptosis
and MCF-
10)
6 | Allicin [Nano- | Candida albicans Superior Wound [42]
composite (ATCC10231), wound healing
hydrogel] As-pergillus  fumiga- dressing
tus (PTCC5009), Tri- materi-als
cho-phyton  rubrum
(PTCC5143), Epi-der-
mo-phyton floccosum
(PTCC52063)  and
Micro-sporum  canis
(PTCC5069) rum can-
is (PTCC5069)
7 | Allicin AS Mice | Allicin signifi-cantly de- [ Anti-inflam- | [43]
crease TNF-a, IL-6, | matory
and IL-8 secre-tion and
HLA-B2704 protein ex-
pres-sion
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water by microemulsion method to increase
volatile characteristics and poor aqueous
solubility of garlic oil. The study concluded
that the water-dilutable microemulsion formed
by garlic oil encapsulation in a nanoparticle
vector is active in inhibiting Staphylococcus
aureus than Escherichia coli. Sheppard et
al.[36] screened chemical library containing
nineteen synthesized pyridyl disulfides that
emulate the chemical reactivity of allicin for
antimicrobial properties against Gram-positive
species including vancomycin-intermediate and
vancomycin-resistant Staphylococcus aureus.
The results evidenced that pyridyl disulfides are
stable alternatives to allicin with a comparable
narrow spectrum profile and are believed to
function as pro-oxidants in a manner suggestive
of allicin.

Abbreviations: Ankylosing Spondylitis Mice;
MRSA-Methicillin  resistant  Staphylococcus
aureus; PBCA- Polybutylcyanoacrylate

Antibiofilm effect of garlic

Biofilm refers to normal bacterial growth
across all environmental surfaces which
include tissues, medical devices, natural
aquatic systems, or potable water system.
Microorganisms such as E coli, Staphylococcus
aureus, Pseudomonas aeruginosa and fungi
belonging to Candida sp. are clinically important
and known for forming biofilms. The biofilm
development indicates increased resistance to
antibiotics and antimicrobial agents [38]. Lately,
Sekar et al. [12] reported facile and low-cost
garlic clove extract-based silver nanoparticles
biosynthesis and its wide spectrum of
therapeutic action comprising antibiofilm,
antiparasitic and anti-breast cancer activity. The
results demonstrated that biosynthesized garlic
clove extract silver nanoparticles (G-AgNPs)
presented high anti-bacterial and antibiofilm
activity on clinically significant pathogens
including methicillin-resistant S. aureus and
P. aeruginosa at 100 pg ml'concentartions.
Furthermore, nanoparticles revealed promising
anticancer effect by inhibiting MCF-7, human

breast cancer cell viability at 100 uyg ml™" after
24 h incubation. It is concluded that garlic
clove extract-based silver nanoparticles to
have promising biomedical applications and
can be eco-friendly having no side effects to
environment.

A series of allicin analogues were
developed for evaluation of antimicrobial
potential and thermal stability against bacteria
and fungus S. cerevisiae by Roman et al. [44].
Interestingly, dimethyl- (DMTS), diethyl- (DETS),
diallyl- (DATS, allicin), dipropyl- (DPTS) and
dibenzyl- (DBTS) thiosulfinates form a series of
increasing molecular mass and hydrophobicity
which were anticipated to distress physical
properties such as volatility, diffusion and
membrane permeability all contributing towards
disturbance in bio properties of molecules. In
this study, the authors noted that more volatile
compounds indicated antimicrobial properties
via the gas phase. Additionally, a chemogenetic
screening with yeast mutants shown that the
mode of action of these analogues was like that of
allicin and that glutathione pool and glutathione
metabolism were of central importance
for resistance against them. The results
demonstrated by allicin analogues could be
ideal for biomedical and agricultural application
either singly or in combination for developing
new novel antimicrobial agents. Reiter et al.[45]
examined the removal behavior and antibacterial
action of allicin aerosols and vapor in a lung
model. The Axial velocity air flow distribution
model associated with areas showing bacterial
inhibition demonstrated that it has remarkable
value and can lower the need of animal sacrifice
in clinical studies of novel antibiotics in future.
Moreover, a synergistic effect of allicin vapor
and ethanol in the direction of bacterial growth
inhibition was presented. Von White et al [46]
examined “green” synthesis of monodisperse
silver nanoparticles using Allium sativum (garlic)
extract as reducing and stabilizing agents. This
study proved that garlic extract has stabilizing
effect on silver nanoparticles and are resistant
to aggregation in biological media with high
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oxidative resistance in presence of hydrogen
peroxide in comparison to citrate stabilized
silver nanoparticles. Also, cytotoxic studies
established no decrease in cellular proliferation
suggesting improved biocompatibility of silver
nanoparticles  biosynthesized using garlic
extract. Due to many beneficial medicinal
properties of garlic, the biosynthesized silver
nanoparticles find biomedical applications
as therapeutics and aid in progress of novel
technologies in human health and safety.
Nguyen et al. [47], established nanostructured
mesoporous silicon (pSi) derivative of silicon-
accumulator plant Tabasheer (Bambuseae) to
assist as a potential carrier matrix as carrier and
stabilizing agent for naturally active garlic oil
encompassing phytochemicals (namely, allicin)
which can inhibit growth of Staphylococcus
aureus. The study resolute that under prolonged
UV irradiation (A = 365 nm, 24 h) exposure,
free extract completely loses all quantifiable
antibacterial activity versus S. aureus.

Antifungal effect of garlic

Garlic extracts (GE) are well known to show
antifungal properties by changing membrane
structure by varied membrane permeability
and conductivity in fungal mycelia leading to
leakage of protein and there by disruption in
cell membrane integrity [48] and by modify gene
expression of microorganisms [49]. Antimycotic
activity of garlic-based silver nanoparticles
was demonstrated by Robles-Martinez et
al. [50]. Fungal infection (dermatophytic
onychomycosis) of skin was tested by
synthesized GE AgNPs (AsExt-AgNPs), which
exhibited complete inhibition of Tricophyton
rubrum a dermatophyte, making them more
operative antimycotic candidates at all-natural
concentrations of AgNPs. The projected
mechanism for their antifungal properties has
been the cytoplasmic membrane disruption
by garlic extract. Polybutylcyanoacrylate
(PBCA)-Allicin NPs (wrapped with allicin by
polymerization) have presented successful
inhibition of fungal pathogens including
Candida albicans, Cryptococcus neoformans,

Trichophyton rubum, Microsporum gypseum,
M. Canis and Epidermophytone floccosum
comparative to pure allicin, which may be
credited to the sustained release of allicin
after wrapping into PBCA NPs and given their
nanoscale dimensions [51].

Biosafety of Garlic extract

There is considerable literature available
on GE toxicity and allicin which is major barrier
against its clinical usefulness though it exhibits
potential antimicrobial and antibiofilm activities
[16, 52, 53]. Zhu and Zeng [54] tested the
safety of garlic extract (administered at dose
of 250 mg/kg of GE daily) were given to rats
intraperitoneally for 38 days. With increasing
dose of garlic extract, serum creatinine and liver
enzymes were also elevated. Concurrently, the
structure and function of related organs were
also damaged. Therefore, it was concluded
that GE administration was safe at low levels
(250-350 mg/kg/day) while high doses( >400
mg/kg/day) will present severe danger to
selected organs. In an alternative study by
Lawal et al. [55] recommended that the safe
dose of GE was 350 mg/kg. Regular doses
of a garlic supplemented with allicin being the
major constituent ranging from 0.05 g to 1.5
g, were evaluated during 1-24 weeks in type
2 diabetes patients[53]. No significant benefits
were noticed in a variety of biochemical
parameters, including total cholesterol (LDL
and HDL) progress, glucose levels and blood
liquid profiles (triglyceride, total cholesterol, LDL
and HDL) regulation. Regarding side effects, a
low rate of gastric disturbances was observed,
such as indigestion and heartburn. Several side
effects of using garlic containing supplements
are registered in the literature, which include
and not limited to perspiring, vertigo, reflux,
menstrual disorders, anaphylaxis in some
isolated cases, liver toxicity and abdominal
pain. Nevertheless, these consequences are
primarily observed in people who are allergic
to garlic constituents, such as allicin [10,
56]. Therefore, taking the above results in
confidence, the allicin amount should not be
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consumed at higher doses. In general, garlic
is regarded as a safe product, but its copious
consumption should be prevented in noticeable
cases of reaction due to its consumption.

Limitations of garlic extract use

Considerable  progress has  been
made on use of garlic extract as potential
phytotherapeutic agent which proves to be
highly efficient with minimum side effects
nonetheless low in vivo efficacy due to its low
solubility, lipophilic properties, weak absorption
and less bioavailability [15]. Nevertheless, there
are still many barriers to be answered, including
the following issues: (i) how to improve biological
activity of GE to be efficiently maintained? (ii)
which is safe route of administration (local
or systemic) for GE to be safer and more
compelling? (iii) Pharmacokinetics of GE under
different conditions of administration? (iv) what
would be ideal administration frequency for GE
to be more successful?

Conclusion

Garlic is a widely used spice with a distinct
fragrance that has been linked to a variety
of health benefits for humans around the
world. Chemical sulfides, saponins, phenolic
compounds, and polysaccharides are among
the bioactive materials. Garlic and its bioactive
compounds (allicin) have potential as functional
foods or nutraceuticals for disease prevention
and treatment. In the future, garlic applications
should be more directed on pharmaceutical
formulations; additional biological functions
of garlic should be evaluated, and the
comparative compounds of garlic need to be
separated and ascertained. Nonetheless, future
research on garlic should be directed towards
pharmaceutical formulation, instability, reactivity,
volatility, biocompatibility, and its delivery. In
conclusion, this review, excitedly, will support to
bring around scientific literature on the potential
effects of garlic extract based nanoparticles on
antibacterial, antibiofilm, antifungal and biosafety
concerns to the attention of interested scientific
community who may then further contribute to

our understanding of this fascinating molecule
in biomedical applications.
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