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ABSTRACT
Gold nanoparticles (AuNPs) are essential metal nanoparticles, and they have much application in
different areas such as bio-imaging, medical therapy, enzyme assays and the environment. Various
physical and chemical methods have been used for the synthesis of AuNPs. However the
disadvantage of most of them is to generate a large number of by-products that are dangerous,
in this sense, green synthesis with plant extracts has become one of the preferred methods for
the development of these materials because it produces particles with high bioavailability and
reduces the use of toxic chemicals. In addition to presenting unique characteristics of
biocompatibility, large surface area, and high dispersion, they have been used to treat different
types of cancer, such as colon cancer. This review presents the various methods for synthesizing
gold nanoparticles and their application in cancer therapy, focusing on the green synthesis of
gold nanoparticles and their specific colon cancer application.
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1. Introduction

Nanotechnology is a recently emerging discipline invol-
ving biology, physical and chemical methods to crate
nano-sized particles (1–100 nm), holding particular func-
tions and applications in science such as physics, medi-
cine, pharmacy, food technology, and material science
(1). One of the most studied nanomaterials is the metal
nanoparticles obtained by different metals like gold
(Au) (2), nickel (Ni) (3), silver (Ag) (4), platinum (Pt) (5),
iron (II, III) oxide (Fe2O3, Fe3O4, FeO) (6) and zinc
oxide (ZnO) (7). One of the most studied metal nanopar-
ticles is the gold nanoparticles (AuNPs), principally

because they have unique properties. They include
chemical stability, biocompatibility, simple preparation,
easy modification, plasmonic and optical properties,
that make them viable for use in diverse therapeutic
applications, principally for drug delivery systems in
many diseases like cancer, cardiovascular diseases, dia-
betes mellitus; developed of biosensors, and environ-
mental applications (8–10). AuNPs can be synthesized
using chemical and physical methods. However often
require expensive equipment and leads to the gener-
ation of toxic by-products, as an alternative to these
methods was the green synthesis, which offers advan-
tages like the use of environmentally friendly solvents
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and non-toxic reducing agents, which are extracted from
plants, peel of fruits, bacteria, and fungi (11,12). AuNPs
have recently been studied as an alternative to conven-
tional cancer treatments, one of the most common types
of cancer is colon cancer.

Colon cancer is one of the leading health problems,
causing death worldwide. According to World Cancer
Research Fund, it is the third most commonly occurring
cancer in men and the second most commonly occur-
ring cancer in women. There were over 1.8 million new
cases in 2018, developed countries present. The
countries with the highest incidence are Hungary,
South Korea, Slovakia, and Norway. Colon cancer is
more incident among men than women and is 3.5
times more common in developed countries. In the
United States, 148,000 new cases and 53, 200 deaths
per year were estimated (13,14), in Mexico, according
to the Mexican Institute of Social Security (IMMS), it is
estimated that 15,000 new cases are diagnosed each
year in the country. It is ranked as the second cause of
death due to malignant tumors in men after prostate
cancer, and although the highest prevalence is located
among the population aged 60–65 years, more cases
are reported in people aged 40–30 years recently (15).
Generally, the treatment of patients with colon cancer
includes surgery, chemotherapy, and radiotherapy. The
latter two are associated with severe side effects: hem-
atological toxicity, nausea, vomiting, pain, diarrhea,
nervous system depression, allergic reactions, and alo-
pecia (16,17). For these reasons, gold nanoparticles
emerge as a viable alternative for use as a treatment
against this disease, eradicating these side effects.

There is a great diversity of reports of the use of met-
allic nanoparticles to eliminate cancer cells. However,
the mechanism of action is not yet clear; however, it is
considered that initially, the AuNPs are endocytosed.
Once inside the cell cytoplasm, they increase reactive
oxygen species, move selectively to the periphery of
the cell nucleus, and cause damage to the genetic
material; the nucleus loses structure. Finally, the cells
die by apoptosis; besides this mechanism, nanoparticles
can also be functionalized on their surface by adding
compounds such as peptides, antibodies, and DNA,
making them more efficient and selective the reduce
cancer cells (18,19). Despite the different reports, it is
still necessary to carry out studies on how the elimin-
ation of cells is carried out and the possible effects of
toxicity and accumulation in normal cells.

The current review article gives an insight into the
synthesis of gold nanoparticles and their application as
therapeutics in cancer. These are mainly focused on
green synthesis with plant extracts, parameters of syn-
thesis, characteristics of nanoparticles obtained, and

the possible mechanism to induce cytotoxicity in colon
cancer to differentiate which sizes and shapes have
the best characteristics and how the various plant com-
pounds used for synthesis influence the elimination of
cancer cells.

1. Gold nanoparticles

In the past years, gold was used only as a metal for the
fabrication of jewelry and utensils; however, with
advances in nanotechnology, its physicochemical prop-
erties have been studied, making it an ideal material
for nanoparticle manufacture. Gold nanoparticles, also
called gold colloids, usually have a size between 1 and
100 nm, exist in different morphology types, including
nanospheres, nanorods, nanoshells, and nanocages
(20). They are the most stable metal nanoparticles and
display unique properties (depends on their size,
shape, hollowness/porosity, and other properties) not
found in bulk-size materials. They are preferred over
other metal nanoparticles because they have different
advantages, such as easy synthesis. The shape and size
may be controlled by experimental parameters,
present a large surface-to-volume ratio, possess unique
optical properties, and exhibit excellent compatibility
with almost chemically and biological molecules
(21,22). Some examples of the applications of gold nano-
particles are sensors (23), diagnostics (24), therapeutic
agents (25), catalysis (26), photodynamic therapy (27),
and enzymatic assays (28).

2. Synthesis of gold nanoparticles

Gold nanoparticles are typically synthesized using two
strategies, ‘top-down’ and ‘bottom-up’ (Figure 1); for the
first, the bulk material (gold) is systematically broken
down to generate nanosized materials with different
dimensions. A pattern matrix controls the particles
arrays and shape; this approach includes methods like
bulk metal grinding, sputtering, laser ablation, thermal
decomposition, and lithography, whereas in the bottom
up, the atoms are arranged to form nanosized molecular
structures; this strategy uses colloidal techniques includ-
ing chemical and green methods (29,30).

2.1. Chemical synthesis

Generally, chemical methods include two main steps:
reduction and stabilization, in the first step reducing
Au+1 or Au+3 to Au0 by adding an electron donor (redu-
cing agent) in the reaction, exist different procedures for
chemical synthesis (22,31), currently the most represen-
tative and popular methods are the following: Turkevich
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method introduced in 1951 by John Turkevich, uses tri-
sodium citrate as a reducing and stabilizing agent and a
solution of HAuCl4 as a precursor (Au+3), in 1973 Frens
published an improvement to the method by varying
the concentration of sodium citrate and gold, obtaining
particles with a broad size range from 15 to 150 nm. This
method is frequently applied because the rather loose
shell of citrates on the particle surface is easily replaced
by other desired ligands (antibodies, DNA, oligonucleo-
tide) with valuable functions (32). Another important
method was Brust-Schiffrin discovered in 1994; in this
method, HAuCl4 aqueous solution was transferred to
organic phase (toluene) using phase transfer catalyst
tetra-octyl-ammonium bromide (TOAB). Further
reduction was obtained using sodium borohydride
(NaBH4) in the presence of a thiol group derivative
such as alkanethiol or dodecanethiol, which resulted in
a change in color of the solution from orange to a
deep brown. The seeded-growth method used a redu-
cing agent to form Au0 nanoseeds from a gold precursor
in the first stage. These seeds are induced to grow into
gold nanorods in a second stage, using molecules
(usually cationic surfactants) that are preferably
adsorbed on specific crystalline facets showing high
surface energies (21,30,33).

2.2. Green synthesis

Traditional chemical methods have the principal disad-
vantage of using toxic chemicals and solvents for the
synthesis added to the generation of toxic by-products
to human health and the environment. Therefore to
overcome these limitations, researchers have devel-
oped new routes to fabricated safe nanoparticles
based on the reduction and capping potential of
different metabolites from biological systems like
plants, bacteria, yeast, and fungi (29,34,35). Some
reports of green synthesis of AuNPs are reported in
table 1.

2.2.1. Microorganism-based AuNPs synthesis
The use of microorganisms to synthesize AuNPs have
recently emerged because of the different advantages:
low cost, production on a large scale, and non-toxic pro-
ducts. The most explored microorganisms in the syn-
thesis of nanoparticles include bacteria, actinomycetes,
viruses, and yeast (Table 1); they can produce AuNPs in
two forms: ‘intracellular synthesis,’ consisting in the
transportation of specific ions into the cell wall, then
the enzymes present to convert the toxic metals into
non-toxic nanoparticles with exact dimension depend-
ing on the localization of the reductive components;
the other form ‘extracellular synthesis’ involves the
secreted reductive enzymes like nitrate reductase,
hydroquinone, hydrogenase (10,34). The extracellular
production has wider application (optoelectronics, bioi-
maging, and sensor technology) than intracellular syn-
thesis because they require additional processing steps
for nanoparticle release this process includes ultrasound
treatment or reaction with suitable detergents (1,36).

2.2.2. Plant, fruit, and waste extracts-based AuNPs
synthesis
The synthesis of AuNPs with plants can be carried out by
two means. The first of them is intracellular synthesis, in
which the chosen plant grows in a medium rich in metal
ions; The metal ions are transferred from the medium to
the inside of the plant, and their metabolites reduce
them to form metal nanoparticles (37). Raju et al., 2012
report that the intracellular synthesis of gold nanoparti-
cles ranged from 4 to 6 nm in size using living peanut
seedlings. The nanoparticles formed were entrapped in
the plant biomass, creating a film. To separate them
requires additional processes which limit its applications,
so it is not a widely used method, and synthesis by the
second way is preferred (38).

The second way to synthesize AuNPs is using plant
extracts (of different parts: leaves, flowers, stems, and
roots), which is a relatively new emerging research

Figure 1. Schematic representation of the different synthesis of gold nanoparticles.
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area. This synthesis has gained significant interest in
recent years due to its potential to design and develop
alternative, safer, cheaper, reliable, and less toxic nano-
particles set up towards the classic synthesis route. IT
is more promising than the microorganisms because
the plant extracts are easily obtainable and do not
need to undergo the complex process of maintaining
the cell cultures (figure 2).

Different plant extracts have been used to success-
fully synthesize AuNPs, instead of a great variety of
shapes and sizes depending on the extract concen-
tration, temperature, and pH at which the reaction is
carried out (39). An example of this type of synthesis
are the AuNPs reported by Botteon et al., 2021 who
used extracts of Salix alba leaves, obtaining particles

with spherical morphology, diameters between 50 and
63 nm, and antifungal and muscle relaxant properties
(40); the aqueous extract of Simarouba glauca or Acei-
tuno was used for the spherical and triangular nanopar-
ticles synthesis, whose diameters decrease as the
concentration of extract increases. These particles
showed antimicrobial activity against different patho-
gens such as S. aureus (41). AuNPs were synthesized
with the extract of Hygrophila spinosa T. Anders, obtain-
ing spherical particles with excellent stability and diam-
eters of 68 nm approximately; these particles presented
antioxidant capacity due to the extract molecules
adhered to the surface and in vitro cytotoxic activity
against different cell lines of breast and ovarian cancer
(42). Other examples are presented in table 1.

Table 1. Green synthesis of gold nanoparticles with microorganisms and plants.

Microorganism or plant Type of extract Morphology
Diameter

nm Application References

Microorganism
Yeast and lactobacillus na Spherical 13–20 Biosensor of ochratoxin A (99)
Cladosporium cladosporioides na Spherical 30–60 Antimicrobial activity against S. aureus, E. coli and

A. niger
(100)

Paracoccus haeundaensis
BC74171

na Spherical 20 Cytotoxicity in A549 and AGS cancer cells (101)

Coelastrella sp. and
Phormidium sp

na Spherical and
triangular

25 Biolabelling with DNA (102)

Plants
Jasminum auriculatum Aqueous Spherical 3–37 Antimicrobial activity against S. pyogenes,

S. aureus and E. coli
(12)

Moringa oleifera Aqueous Spherical 3–5 Anticancer activity in A549 cell line (19)
Coleous forskohlii Aqueous Spherical 10–30 Antibacterial against Micrococcus luteus (103)
Petroselinum crispum Aqueous Spherical 17 Photocatalytic capacity for degradation of

methylene blue dye
(104)

Alpinia nigra Aqueous Spherical 21.52 Antifungal activity against Candida albicans (105)
Halymenia dilatata Aqueous Spherical 16 Cytotoxicity against HT-29 cancer cells (106)
Phlogacanthus Thyrsiformis Hydroalcoholic Triangles and

spheres
20–52 Antioxidant activity (107)

Malva verticillata Aqueous Spherical 20 Antimicrobial activity against A. hydrophila and
A. salmonicida.

(108)

Borago officinalis Aqueous Spherical 30–80 Antimicrobial and anticancer activity (109)
Coleus aromaticus Aqueous Spherical 80 Antibacterial activity (110)
Banana peel Aqueous

solution
Dendrite 10 micras Antitumoral (111)

Punica granatum L. Oil Rectangular 70 Antioxidant for yogurt (112)

Figure 2. Illustration of the gold nanoparticles synthesis and applications.
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Just as plant extracts, fruits possess large quantities of
antioxidant compounds capable of reducing metal salts.
For example, fruits such as blueberries, blackberries,
grapes, pomegranate, and strawberries contain many
anthocyanins, ascorbic acid, phenolic compounds, flavo-
noids polysaccharides, and other vitamins that can
donate electrons that allow the synthesis of particles
(43). The synthesis with fruit involves the extraction of
juice or pulp to be mixed with the metal salts.
However, the fruit can be used to obtain antioxidant
compounds from the shells; Hence, various metal nano-
particles have been synthesized from these types of
extracts, some of which are mentioned below. Fruit
extract of Chaenomeles sinensis was used to synthesize
spherical particles with 20–40 nm of diameter. They
present antimicrobial and cytotoxic activity against
S. aureus, E. coli and MCF7 breast cancer cells, respect-
ively (44). In other cases, fruit waste such as husks and
seeds are also used to produce gold nanoparticles,
having even more value when using a residue for
grape peel synthesis (Vitis vinifera). For the synthesis of
gold nanoparticles with cytotoxic activity against A431
skin cancer cells, the particles obtained presented
spherical morphologies with diameters of 20–80 nm
(45). The seed extract of mango (Mangifera indica),
which is considered as waste and generally thrown
away into the environment, was used for the synthesis
of AuNPs with different morphologies (round,
triangle, and irregular forms) and a diameter of
19.45 nm; they present a dose–response antimicrobial
activity and cytotoxicity against HeLa cancer cell line,
MCF-7 cells (46).

2.2.2.1. Mechanistic aspects of green synthesis with
plant, fruit and waste extracts. Generally, the synthesis
of AuNPs with plant extracts involves the chemical
reduction of Au+3 to Au0 by secondary metabolites
present in the extract providing a rich arsenal of mol-
ecules with high redox potential (terpenoids, flavonoids,
quinones, phytosterols, phenolic acids, aldehydes.),
these components not only serve as reducing agents
but also act as stabilizers to prevent agglomeration.
Three phases in the AuNPs synthesis are recognized
(Figure 3): the ‘nucleation,’ where the Au0 atoms form
small nuclei; the ‘growth phase,’ in which these small
nuclei are grouped; and finally, the ‘capping’ where
the oxidized secondary metabolites surround the
surface of the AuNPs resulting in the stabilization of
the nanoparticles (34, 47, 48).

Liu et al., 2020 studied the effect of phenolic com-
pounds and other components (protein and sugar), in
reduction and capping on the green synthesis of small
gold nanoparticles with 16 kinds of plants, the results

showed that polyphenols present the strongest reduc-
tive and isotropic protective capability among all of
the principal components, they present a concen-
tration–response, high concentration increase the
reductive capacity, but an excessively high polyphenols
concentration was not conducive the synthesis of tiny
particles because of the massive formation of
carbonyl groups through the oxidation of phenolic
hydroxyl groups (49). They concluded that the optimal
concentration of polyphenols is in a range of 0.04–
0.08 mg/mL (49).

As can be observed, there is a great variety of reports
on the green synthesis of gold nanoparticles, in which
different factors that influence the morphology and
size of the particles obtained have been studied. Some
of these factors are the concentration of precursor
(HAuCl4), the concentration of the reductant (plant
extract), and variations of pH and temperature; we can
observe that different synthesis conditions will be
required depending on the type of plant with which
the extract is elaborated. However, summarizing the
best conditions from other reports (40–42, 7, 50–52),
using HAuCl4 concentrations equal to or lower than
1 mM is recommended since the synthesis is little at
lower concentrations and gold nanoparticles present
small diameters. The added concentration of the
extract will depend on the amount of reducing com-
pounds present in the extract due to the synthesis
include a redox reaction of gold (III) ions to gold atoms
primarily by the polyphenols and amides present in
the extract, whose concentration and form will have
an impact on the synthesis time and the size of the
nanoparticle obtained. The use of acid or neutral pH con-
trolled the shape, size, and stability of AuNPs at tempera-
tures between 60–90°C since temperature increased the
nucleation of Gold nanoparticles, decreasing
the diameters, as shown in figure 4; these factors affect
the morphology and size of the synthesized
particles and, therefore, the biological activity they
present (41, 53).

The gold nanoparticles are used for different pur-
poses like antimicrobial activity, sensors, and cancer
therapy; in all the presented reports (52–56), their
activities are proved with excellent results. However,
it is necessary to compare the antimicrobial or carcino-
genic activity of the AuNPs obtained by green syn-
thesis with nanoparticles obtained by traditional
methods. A study of the stability of AuNPs in diverse
conditions is needed to evaluate if the synthesis with
natural compounds presents a synergistic effect with
AuNPs, along with a complete study of the potential
toxicity and accumulation of these particles in
humans.
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3. Principal advantages of the use of green
methods for gold nanoparticles synthesis

Despite recent developments in green methods, chemi-
cal synthesis is still the most widely used. However, it has
several disadvantages: the generation of toxic waste,
expensive and laborious methods, and the necessary
addition of a stabilizing agent to prevent agglomeration,
sedimentation, and consequent loss of biological

activity. In contrast, when green practices synthesize
the AuNPs, there is no generation of toxic compounds
since the plant’s natural components are responsible
for reducing the metal salts, being one of its main advan-
tages. On the other hand, these compounds, besides
lowering, are responsible for stabilizing the particles
when they get to the surface. These methods are easy
to scale and are relatively simple and economical. In
addition to these advantages, there can be synergy to

Figure 3. Phenolic compounds in green synthesis.

Figure 4. Influence of different variables in shape and morphology of AuNPs.
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medicinal plant extracts that increase the cytotoxic
activity and allow the AuNPs to enter more easily
inside the cell (57–59).

Other important advantages of the use of plant
extract are biocompatibility of the nanoparticles
obtained, necessary for application in biology and medi-
cine, availability of the plants, cost-effective method
because of minimum or non-requirement of energy, sim-
plicity in scaling up for large-scale synthesis, reproduci-
bility in production and well-defined morphology of
synthesized nanoparticles (60). For all of this reason, in
the last years, green synthesis to produce AuNPs is
increasing.

4. Gold nanoparticles in cancer therapy

Cancer is a disease characterized by abnormal cell
growth, unrestricted, and invasiveness. It is considered
one of the leading causes of death worldwide, standing
as the third leading cause of mortality. The World
Health Organization (WHO) reported millions of deaths
in 2017 and is expected to increase, with an estimated
12 million deaths by 2030 (61,62). Cancer has different
causes, but the most often are mutations or alterations
in the expression patterns of proto-oncogenes, tumor
suppressor genes, and those involved in DNA repair,
caused by environmental factors, such as exposure to
radiation and pollutants, and unhealthy lifestyles, includ-
ing lack of physical activity, unbalanced diet, smoking,
stress, age and inherited genetics (63). The treatment
depends on the type of cancer, the stage of the patient,
and the patient’s ability to withstand the given therapy.
However, generally, the treatment is based on surgery
and chemo or radiation therapy to kill the cancer cells;
the last therapies often result in several side effects like
anemia, appetite loss, delirium, diarrhea, fatigue, hair
loss, pain, and nausea (61,64). In this sense, there is a
high demand for the development of different treatments
and strategies for cancer; in the last year, there is an
exceptional growth in nanotechnology for this purpose.

Gold nanoparticles are good candidates for cancer detec-
tion and therapy due to their physicochemical properties
and innovative potentiality, different reports of using
these particles for some cancer treatment (table 2). It
can be observed that diverse paths are followed for
their use, either in combination with other treatments
such as radiotherapy, drug carriers, or their use alone as
a treatment; in each of these paths, they present a
different mechanism that we can see in table 2 (65–67).

There are different reports of the use of gold nanopar-
ticles made by green synthesis that have been used for
different types of cancer. Like in the case of the use of
an extract from the leaves of the Jasminum auriculatum
shrub that served as a reducing and stabilizing agent in
the development of spherical AuNPs with diameters of
8–37 nm, and that presented a dose-dependent inhibi-
tory effect of cell proliferation of a cervical cancer line
(18). An extract of Anacardium occidentale or cashew
leaves is used to synthesized 40 nm spherical AuNPs
that decreased the cellular viability of the MCF-7 lines
(breast cancer) and were selective for mononuclear
blood cells (68). AuNPs were synthesized with leaf
extracts of Tasmannia lanceolata and Backhousia citrio-
dora. For both extracts, spherical particles with diam-
eters between 7–14 nm were obtained, both showed
cytotoxic activity in breast, liver, and skin cancer cells;
however, those synthesized with Tasmannia lanceolata
were more effective (69).

5. Mechanism of action of gold nanoparticles
in cancer therapy

5.1. Photo-thermal therapy

Photothermal therapy is a method for cancer treatment
in where the absorbed light turns into heat. This incre-
ment in temperature results in photoablation followed
by cell death; different techniques can be used to gener-
ate heat, such as laser, microwave, ultrasound, and
radiofrequency waves; the principal’s limitations of this

Table 2. Use of gold nanoparticle for cancer treatment.
Type of therapy Mechanism References

Photo thermal Application as photo-thermal agents for enabling an enhanced transformation of light into heat. AuNPs of various shapes
include a wide spectrum of absorption maxima (from UV to NIR) and high absorption cross sections requiring lower dosage
times and lower laser power than conventionally applied dyes.

(60, 76)

Radiofrequency The mechanism of nanoparticle-enhanced heating is poorly understood, but several modes of radio sensitization have been
proposed. Differences in the energy absorbing properties of Au compared to soft tissues, enabling physical dose
enhancement and the catalytic activity via AuNP mediated transfer of electrons from surface-bound donor groups to O2 to
generate superoxide radicals.

(77)

Drug carriers AuNPs as drug delivery agents can increase the pharmacokinetics of the drug, thereby reducing non-specific side effects and
achieving higher doses of targeted drug delivery. A prominent application of AuNPs is using themes vehicles for delivery of
molecules into cells.

(113)

Therapeutics Inhibition of angiogenesis that involves growth and expansion of new blood vessels, for the blood supply. Surface
functionalization with targeting ligands may additionally improve the specificity of action and the same time decrease their
nonspecific interactions with healthy tissues and cells.

(62)
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method is the damage in normal cells surrounding the
tumor and the low absorption of radiation in tumors
(70,71). The use of gold nanoparticles as photothermal
agents is an emerging topic, and they are used
because they have a unique characteristic of absorbing
and scatter light in the visible region of the spectrum,
which allows them to amplify the optical properties of
the excitation light and thus increase the effectiveness
of light-based photothermal tumor ablation (72,73).
The mechanism of AuNPs enhance this therapy includes
the collision of laser radiation and excitation of the par-
ticles; as a result of excitation, fast local heat is generated
and transferred to the cell in picoseconds, the effective-
ness of AuNPs depends on different factor like shape and
size (74,75). Gold nanoparticles loaded with curcumin
were developed to increase photothermal therapy’s
efficacy (808 nm diode) on breast cancer cell lines
(4T1); combining AuNPs and 808-nm laser has a better
destruction effect on 4T1 breast cancer compared to
laser irradiation of 650 nm. The use of infrared lights in
the range of 700–1000 nm in phototherapy is preferable
to other lights because of the minimal absorption of pro-
teins and DNA and deep penetration of lights in tissues
(65). Figure 5 represent the possible mechanism of
AuNPs in the different treatments.

5.2. Radiotherapy

Radiotherapy is the method of ionizing radiation deliv-
ered to the tumor via an external beam (X-ray or γ-ray

beam) or from an internally placed radiation source (bra-
chytherapy). The exposure can directly induce DNA
damage to suppress tumor growth and destroy tumor
tissues, on the other hand, directly or indirectly via ioniz-
ation of molecules (e.g. water) within the cells, generating
a cascade of free radicals that conclude in cell death. The
limitation of this method is the damage to healthy tissues
that occur in parallel; as a result, the dose of radiation
administrated must be limited to keep normal tissue toxi-
cities at a tolerable level, the consequent insufficient DNA
damage to tumors cannot destroy the tumor, which may
result in RT resistance. To evade this limitation, can be use
radiosensitizers that concentrate the radiation on the
tumor (64,77), one of these sensitizers was the gold nano-
particles for their unique optical characteristics; different
mechanism can be proposed for the enhanced effective-
ness of radiotherapy by AuNPs: first, the Physical
enhanced, based in the high atomic number of the
AuNPs (Z = 79) that provides a large X-ray absorption
cross-section; therefore can improve the effectiveness
by increasing the radiation sensitivity of the tumor and
granting the reduce of the radiation dose; second the
Chemical sensitization of DNA to radiation, small AuNPs
that are capable of nuclear localization and tight electro-
static binding to DNA were recommended to enable full
exploitation of the chemical enhancement and finally
AuNPs have been shown to induce the formation of Reac-
tive Oxygen Species (ROS). The resulting oxidative stress
has emerged as one of the central mechanisms of nano-
particle-induced cytotoxicity (78). Polymeric gold-

Figure 5. Mechanism of AuNPs in different cancer treatment.
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photoactive nanoparticles (PGPNPs) conjugated with folic
acid (FA) was evaluated in combination with radiofre-
quency therapy against prostate cancer (LNCaP) cells
line, there were treated with gold nanoparticles and ioniz-
ing radiation, and the synergistic effect of treatment
methods was evaluated by colony formation assay
(CFA) and Flow cytometry analysis. The results demon-
strated that combinatorial therapy of polymeric gold
nanoparticles and ionizing radiation at various doses (2,
4, and 6 Gy) had a synergistic effect on survival fraction
and apoptotic induction necrotizing cell death (79).

5.3. Drug delivery

Chemotherapy is one of the most commonly used treat-
ments for cancer but presents different limitations,
mainly due to the several side effects resulting from

the non-specific interactions of drugs with tumor and
normal cells, low solubility, and poor biodistribution.
One of the promising approaches for the disadvantages
is applying drug delivery systems, which could provide a
more efficient targeted transport of molecules, increase
the solubility, improve the biodistribution and prevent
fast removal of the therapeutic from the organism
(63,80,81). AuNPs represent an excellent alternative for
delivering different anticancer drugs because of
specific properties that include chemical resistivity, enzy-
matic stability, and low cytotoxicity. On the other hand,
AuNPs are biocompatible, can form stable complexes
with DNA and small interfering RNA (siRNA), and
present the possibility of covalent bonding with thera-
peutics and targeting molecules (enzymes, peptides)
on the surface (62,82). L-asparaginase was loaded on
AuNPs (prepared by chemical synthesis) along with

Figure 6. Mechanism of AuNPs as therapeutic.

Table 3. Gold nanoparticles synthesized with plant extracts used in different types of cancer.

Plant extract Shape
Diameter
(nm) Type of cancer or cell line

IC50 (μg/mL) in
MTT assay References

Cordyceps militaris Spherical 15–25 Liver cancer cells (HepG2) 10–12.5 (114)
Scutellaria barbata Spherical 154 Pancreatic cancer cell (PANC-1) 25 (115)
Nigella arvensis Spherical, triangle, pentagon and

hexagon
3–37 Lung carcinoma (H1299) and breast

cancer cell (MCF-7)
H1299: 10
MCF-7: 25

(116)

Rabdosia rubescens Spherical 130 Lung carcinoma (A549) cell 25 (117)
Cardamom fruits Spherical 5–15 Breast cancer cell (MCF-7) 50 (118)
Curcuma wenyujin Spherical 200 Renal carcinoma cell lines (A498) 25 (119)
Corchorus olitorius Quasi-spherical 37–50 Colon carcinoma (HCT-116),

Hepatocellular (HepG-2)
HCT-116: 12
HepG-2: 10

(120)

Origanum vulgare Spherical 40 Melanoma cell line (WM35) 4 (121)
Azadirachta indica Prism, rod, rhombic, dodecahedra

and hexagonal
20–25 Breast cancer cell (MDA-MB-231) 8 nM (122)

Hygrophila spinosa
T. Anders

Spherical, polygonal, rod and
triangular

68.44 Ovarian cancer cell (SKOV-3) 100 (41)
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Arg-Gly-Asp (RGD) peptide, with the aim to enhancing
the anticancer efficiency of the compound in the MCF-
7 breast cancer cell line. The conjugate exhibited high
tumor-targeting efficacy and distribution in the tumor
cells, caused a significant decrease in cell proliferation
rate and clonogenicity, initiated apoptosis, and pro-
moted cell cycle arrest. In contrast, the conjugated
lower cytotoxicity in a regular cell line represents a sig-
nificant advantage in using AuNPs as drug delivery
systems (83).

5.4. Therapeutic

The AuNPs can be used as therapeutic molecules for the
medical treatment of cancer; in different studies, gold
nanoparticles exhibit cytotoxic properties against
certain types of cancer cell lines, the mechanism of
this is not fully described, and their use as anticancer
therapeutics requires further research. AuNPs are con-
sidered as a carrier for photo components and may act
as an anticancer agent. On the other hand, AuNPs can
interact with the cell membrane and internalize in the
cell, showed cytotoxic activity via ROS production,
DNA damage and activation caspase cascade of apopto-
sis, mitochondrial dysfunction, and some changes in the
structure by cell clumping, cell rupture, inhibition of cell
growth and loss of membrane stability (Figure 6).
Another important mechanism of the anticancer proper-
ties of AuNPs is the inhibition of angiogenesis in cells;
Angiogenesis is the formation of new blood vessels
from pre-existing vessels and activation, migration, pro-
liferation, and differentiation of endothelial cells. Angio-
genesis is important for tumor growth because it
depends on the blood vessel to provide a constant
flow of nutrients and oxygen, crucial for cancer pro-
gression and metastasis (84–86), figure 6 presents a
brief representation of the possible mechanisms of cyto-
toxic action in cells that were mentioned. When AuNPs
are used as a therapeutic agent per se, green synthesis
is preferred over to the traditional methods because
the material obtained with traditional synthesis can be
highly toxic for living organisms in contrast with green
procedures that reduce waste production and increase
their safety (87,88). Hence, in recent years, there has
been an increase in research focusing on developing
gold nanoparticles mediated with plant extracts, and
there was probed with different types of cancer cell
lines, as can be seen in table 3 (89). One example of
that is reported by Uzma et al. in 2020, who developed
AuNPs using the aqueous extract of Commiphora
wightii. These nanoparticles were evaluated for the
anticancer activity against breast cancer cell MCF-7,
finding that they present cytotoxicity at low

concentrations with an IC50 of 66.11 μg/mL and signifi-
cantly affect the induction of apoptosis (90).

6. Application of green synthesis of gold
nanoparticles in colon cancer

Colon cancer is one of the majority prevailing forms
of cancer worldwide, and one of the leading causes
of cancer relates to death, despite all the efforts
and advances in diagnostics and treatment. Colon car-
cinogenesis is separated into three stages: initiation,
promotion, and progression, during which the
normal colonic cells undergo a pathological conver-
sion into an adenoma, carcinoma, and ultimately inva-
sive and metastatic cancer. Colon cancer has been
associated with numerous lifestyle factors, including
a sedentary lifestyle, a low-fiber and/or high fat diet,
heavy alcohol consumption, smoking, obesity. People
with type 2 diabetes or insulin resistance and
chronic inflammatory diseases such as ulcerative
colitis and Crohn’s disease are at greater risk of devel-
oping colon cancer (50,51); for this reason the devel-
opment of therapies that promote apoptosis and
inhibit cell proliferation with minimal or no side
effects and toxicities are of great importance, one of
this new treatment was the metallic nanoparticles,
principally gold nanoparticles have been broadly
examined because their multiples characteristics in
colon cancer therapy, different research present excel-
lent results of the use of this nanoparticles in colon
cancer cell lines, this nanoparticles were synthetized
with medicinal plants that present different com-
pounds serving as reducing and stabilizing agents,
as mentioned above (52–54), some examples of this
are the AuNPs synthetized by the reduction of gold
ions with Cystoseira baccata extracts, the nanoparti-
cles obtained was spherical, stable, polycrystalline
nanoparticles with mean diameter of 8.4 nm, this
nanoparticles was probed against colon cancer cell
lines HT-29 and Caco-2, the results exhibit a high
cytotoxic effect in this cell line Caco-2 in different
doses (400, 200, 100 and 50 μM) obtained a percen-
tages of cell viability of 38% with the higher concen-
tration and IC50 value of 79.03 μM; in the case of
HT29 the cytotoxicity was significant with a rates of
cell viability of 11.75% and a IC50 value of 49.61
μM; the principal mechanism of cytotoxicity is the
apoptotic activation by the extrinsic and mitochon-
drial pathway (55). Another example is the reported
spherical AuNPs synthesis with Albizia lebbeck leaf
extract. They presented a 20–30 nm diameter and
probed against HCT-116 colon cancer cell line; the
cell viability was reduced with rising concentrations
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of the biosynthesized AuNPs. The inhibitory concen-
tration (IC50) level of the HCT-116 cells was identified
as 48 μg/ml, the mechanism of cytotoxicity corre-
sponds to the production of ROS and leading to cel-
lular deaths. ROS overproduction was disturbing the
signal transduction pathways, which also leads to cel-
lular apoptosis (56). Abutilon indicum leaf extract was
used to synthesize gold nanoparticles with spherical
shape and diameters of 1–20 nm; the particles
exhibit a high cytotoxicity effect against HT-29 colon
cancer cells IC50 value of 210 and 180 μg/mL after
24 and 48 h of treatment. The cytotoxicity effect is
principally defined by the production of reactive
oxygen species and the simultaneous reduction in cel-
lular antioxidants, which might have caused mito-
chondrial membrane potential loss, DNA damage
and G1/S phase cell cycle arrest. On the other hand,
the particles can induce nuclear morphological
changes, cell membrane damage, and different
enzymes expression in the apoptosis pathways (91).
Other important examples were presented in table 4.

In most of the reports, colon cancer inhibition’s
typical mechanism is ROS and oxidative stress pro-
duction, which induce the upregulation of caspase-3
and oxidation of glutathione (GSH) to glutathione
disulfide (GSSG). Moreover, in some reports, the G2/M
or sub-G1 cell cycle arrest has been proposed to
induce apoptosis upon treatment with biogenic
AuNPs, which may further help explain the anticancer
mechanism in depth. The shape, size, and plant extract
used for the synthesis have an essential role in the antic-
ancer activity, principally for the interaction with cell
membrane and internalization, in this sense is preferred
spherical nanoparticles with small sizes, similar to the
obtained in the majority of the reports described in
this review (92,93). It is vital to carry out comparison
studies with nanoparticles produced by chemical
means and the bulk extract to determine an increase

in activity and improvements in the internalization and
delivery of compounds to the cell’s interior.

7. Toxicity

Due to the diverse application of AuNPs, the study of their
toxicity and accumulation in different human organs has
become paramount. To assure consumers that their use is
safe, several authors have studied the toxicity AuNPs (size
and morphology) in other models (94). Enea et al., 2021
evaluated the safety of different shapes and sizes of
gold nanoparticles in human HepaRG cells and primary
rat hepatocytes (PRH). Among all the tested nanoparti-
cles, the smaller 15 nm spheres displayed the highest tox-
icity and increment when the nanoparticles were capping
with citrate, the AuNPs that present the lower toxicity are
the nanostars with 60 nm of diameter; the results
obtained suggest that it is essential to use appropriate
in vitro cell models for testing the liver biocompatibility.
PRH is more efficiently internalized AuNPs when com-
pared with HepaRG cells, and the uptake proved to be
time-dependent and highly dependent on the shape,
size, and capping agent (95). Engstrom et al., 2020
reported the toxicity in vivo of three sizes of AuNPs (5,
10 nm y 20 nm) in a model of Embryonic Zebrafish. The
result showed that 5 nm AuNPs present rapid toxicity
with significant 24 hpf mortality occurring at concen-
trations ≥20 mg/L, whereas the 10 and 20 nm AuNPs
showed no considerable mortality throughout the five-
day experiment (96). Khoshnamvand et al., 2020 evalu-
ated the toxicity of green AuNPs synthesized with an
aqueous extract of Saccharina japonica in an In vivo
model of Daphnia magna, the nanoparticles obtained
present two sizes 72 and 10 nm and showed an IC50 of
1.57 ± 0.07 y 2.69 ± 0.12 mg/L respectively, indicating
that toxicity is closely related to size. After exposure of
daphnids to treatments, AuNPs were accumulated in
the gut tract, and lipid droplets under the Daphnia

Table 4. Green gold nanoparticles tested in colon cancer cell lines.

Extract and type
Shape and diameter

(nm)
Cell
line

IC50 (µg/
mL) Mechanism References

Pleurotus sajor-caju aquoese
extract

Spherical-37 HCT-
116

80 ROS production and DNA fragmentation (123)

Abutilon indicum aqueous
extract

Spherical-27 HT-29 210 ROS generation and apoptosis (54)

Trichosanthes kirilowii aqueous
extract

Spherical-45 HCT-
116

15.5 Collapse of mitochondrial membrane potential and ROS
production

(124)

Corchorus olitorius aqueous
extract

Spherical-35 HCT-
116

12.2 ROS generation (125)

Albizia lebbeck aqueous extract Spherical-25 HCT-
116

48 Disturbing the signal transduction pathways which also
leading cellular apoptosis.

(55)

Cystoseira baccata aqueous
extract

Spherical-8 HT-29 49.5 Activation of apoptosis pathway (56)

Crassocephalum rubens aqueous
extract

Spherical-20 HT-29 49.61 Apoptosis (126)
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carapace (97). Isoda et al., 2020 reported the toxicity of
AuNPs in combination with the administration of drugs
(cisplatin, paraquat, and 5-amino salicylic acid) in a Mice
model; the sizes evaluated were 10, 50, and 100 nm and
the drugs. The AuNPs administered alone no exhibit
hepatotoxicity or nephrotoxicity; in contrast, coadminis-
tration of gold nanoparticles (10 nm) with cisplatin, para-
quat, or 5-aminosalicylic acid caused side-effect damage
to the kidney (98). In these studies, we can observe that
the toxicity is very dependent on the morphological
characteristics of the nanoparticles obtained, and it is
possible to follow cell death and accumulation of the
same in the organisms used. For this reason, toxicity
studies are essential to use this type of particle in
different areas such as cancer treatment.

8. Conclusion and future perspectives

Gold nanoparticles are one of the most used metal par-
ticles due to their unique biocompatibility, optical and
cytotoxic characteristics; different methods can manu-
facture these particles. However, green synthesis with
plant extracts has become one of the main routes for
their synthesis, being an easy and friendly method
with the environment. Various plant extracts have
been used to develop AuNPs with multiple applications
from antimicrobial, catalytic, and anticancer; in the latter,
the particles have different areas of opportunity when
used as photo-thermal agents, radiation sensitizers,
drug carriers, and as therapeutic agents on their own.
Several studies have been carried out on the synthesis
of AuNPs with plant extracts for their use against
different cancer lines, observing cytotoxic effects at
low concentrations and differentiation with healthy
cells. However, the mechanisms that carry out this
decrease in Cell viability have not yet been fully eluci-
dated, so new studies have been required that focus
on the mechanism of action.
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