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Abstract: The difficulty of achieving targeted drug delivery following administration of currently
marketed anticancer therapeutics is a still a concern. Metallic nanoparticles (NPs) developed through
nanotechnology breakthroughs appear to be promising in this regard. Research studies pertaining
to gold NPs have indicated their promising applicability in cancer diagnosis, drug delivery and
therapy. These NPs have also recently paved the path for precise drug delivery and site-specific
targeting. Our review paper thus highlights the scope and impact of biogenetically generated gold
nanoparticles (NPs) in cancer therapy. In a critical, constructive, and methodical manner, we compare
the advantages offered by gold NPs over other metal NPs. Moreover, we also focus on novel ‘greener’
strategies that have been recently explored for the preparation of gold NPs and shed light on the
disadvantages of conventional NP synthesis routes. Future prospects pertaining to the use of gold
NPs in oncotherapy and domains that require further investigation are also addressed.

Keywords: gold nanoparticles; biogenetic; pathway; nanomedicines; cancer treatment

1. Introduction

Gold particles having dimensions ranging from 1 to 100 nm are referred to as gold
nanoparticles (NPs) while their dispersion in an aqueous phase is referred to as ‘colloidal
gold particles’ [1]. These NPs offer several advantages such as superior biocompatibility,
excellent optoelectronic features, huge surface to volume ratio and lower toxicity in com-
parison to other NPs. Moreover, their large surface area and unique surface modification
capability makes them excellent drug carriers. These NPs have also been investigated for
their ability to detect biomolecules, for induction of tumor cell apoptosis through hyper-
thermia, and for labelling of proteins, cells, etc. It is, therefore, no surprise that from a
global standpoint, exploration of the biomedical applications of gold NPs is a significant
ongoing research domain.

Cancer has been recognized as one of the leading causes of death and is characterized
by the rapid growth of abnormal cells that have an uncontrollable rate of division, along
with the capability of infiltration and destruction of normal tissues in the body. Cancer
can spread throughout organs in the body that differ from its primary site of origin, and
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is mainly caused through DNA (deoxyribose nucleic acid) mutations that occur intra-
cellularly [2,3]. Errors in genetic transcription or translation affect cellular function and
performance, thus causing cells to become cancerous [4-8]. Due to its widespread nature
and huge mortality rate, it is of utmost importance to focus on treatment strategies that can
help minimize the formation and progression of carcinomas [9-13].

Photothermal therapy using gold NPs may assist with this challenge due to its photon
absorbing capability, ultimately transforming NPs into heat, thereby destroying cancer
cells [14]. Carcinogenic cells over-express cell receptors on their surface [15]. Therefore,
gold NPs targeting these receptors can help eliminate tumor cells [16]. Moreover, gold NPs
also have the capability of generating reactive oxygen species (ROS) that can further assist
in killing tumor cells [17]. It is these properties of gold NPs that make them promising
candidates for the diagnosis and treatment of carcinomas [18,19].

Our current review provides readers with an understanding of the various routes of
gold NPs and their use as anticancer agents [20-24].

2. Green Synthesis Techniques for Preparation of Gold NPs

The use of NPs has found great application in biology. As a result, currently, the study
of novel efficient methods for the preparation of metal NPs is still underway [25-29]. The
conventional preparation of gold NPs involves either a (1) physical, (2) chemical, or (3)
biosynthesis method. However, these techniques have both advantages and disadvantages,
as described in Table 1.

Table 1. Advantages and disadvantages of chemical and bio-synthetically prepared gold NPs.

Method Advantage Disadvantage Ref.

e  Size and morphology e  Cost of reagents is high.

) modifications can be
Chemical achieved through the e  Process involves the use of [30]
method varying the volume of
organic solvents and
reagents used in the
preparatory process.

agents such as stabilizers
and reducers thar are toxic
and biomedically harmful.

e  Toxicity aspect requires
consideration as this
method is still being
explored.

e  Eco-friendly, cost effective
and does not use toxic
reagents and chemicals.

e Mechanistic and kinetic
aspects pertaining to NP

Bio-synthesis preparation need to be [31,32]
method Aggregation and stability looked into. ’
can be deifie‘fl through Difficult to control size and
NP capping using shape of NPs.

bio-reagents. .
e  Large-scale preparation of

NPs using this method is
not feasible.

Novel methods of green route synthesis of gold nanoparticles are currently being
studied and investigated [33,34]. Green synthesis offers the benefits of being non-toxic and
eco-friendly, while being highly cost effective. It employs the use of sunlight, irradiation,
and microorganisms such as fungi, algae, and bacteria for the preparation of NPs used both
intracellularly and extracellularly [35]. Various types of gold NPs, such as gold nanospheres,
nanorods and nanostars, can be prepared using this technique. Lee et al. found that on
HepG2 (human hepatocyte carcinoma) cells, the gold nanospheres showed a cytotoxic
effect, followed by gold nanorods and nanostars. [36].
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In addition to utilizing microorganisms, gold NPs can also be developed using plant
extracts, such as leaves [37-41] roots, flowers, seeds, and bark. The extract is then subjected
to centrifugation and filtration to obtain NPs from specific metal ions [42,43], as illustrated

in Figure 1.
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Figure 1. Illustration of the laboratory synthesis of gold NPs using plant extracts (created using

Biorender.com, accessed on 10 January 2022).

As Lee et al. found in 2020, the process of making gold nanoparticles is very dependent
on green materials such as enzymes, bacteria, plants, and fungi [44]. Table 2 provides a
summary of some of these agents and the processes involved for the synthesis of gold NPs.
Gold NPs produced through these means were found to be promising as phytomedicines
and natural formulations of various ailments for multiple applications [45].

Table 2. Summary of the natural products and the processes involved in the preparation of gold NPs.

Method Process Reference
Green and environmentally friendly chemicals such as
. starch, chitosan, glucose are used either as capping or
Greel:\r)[efils(rimcal reducing agents, or even both. Polymers such as carboxy [46,47]
methyl cellulose and polyethylene glycol are also used to
produce gold NPs.
Extract is prepared using fruits, peels, roots, leaves and
Plant ﬁ:{ﬁgtdBased other plant parts, which behave as the capping and [48]
reducing agent required for metallic ion reduction.
Algae, bacteria, fungi, etc., are grown in culture medium
Micro-oreanism where the release of capping and reducing agents takes
Based Ivigetho d place in the medium or in biomass. Gold ions are then [49,50]
added to the medium in controlled environment conditions
to create gold NPs.
A culture medium containing a high quantity of metal ions
is used for plant growth. The NPs are then formed through
Intracellular the reduction of metallic ions in the agar medium, which is 51]
Synthesis by Plants then transferred to the plant. However, the NPs are

produced in the biomass, which is a drawback as the
separation of NPs from the biomass is still a huge challenge.
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Table 2. Cont.

Method Process Reference
Honey-mediated Aqueous solution of honey can be used to reduce and cap 152]
Green Synthesis substances that can be used in preparation of gold NPs.

Prepared AuNPs using aqueous extract of Trachyspermum
ammi seeds and chemical treatment with HAuCl4 followed [15]
by exposure to microwave radiations.

Microwave
assisted method

In 2016, Xin Lee et al. synthesized gold NPs through the reduction of gold metal
ions in the aqueous phase that were in contact with the aqueous fruit peel extract of
Garcinia mangostana [53]. These NPs showed peak absorption ranging between 540 and
550 nm. Additionally, Rodriguez-Leon et al. in 2019 found that gold NPs could be prepared
from the bark extract of Mimosa tenuiflora, which was further obtained from its bark mixture
in water and mixed with ethanol [54]. Keijok et al. in 2019 used the green seeds of
Coffee arabica due to its high phenolic content, which was certified from international
organizations [55]. It was found that the extract of Coffee arabica behaved as a reducing
agent, a functionalizer and a stabilizer that aided in the formation of the gold nanostructures.
Botteon et al. in 2021 used Brazilian Red Propolis, a product obtained from bees that
possesses antimicrobial, anti-tumor, and antioxidant properties. Gold NPs were prepared
from Brazilian Red Propolis extract in various solvents such as ethyl acetate, hexan, and
dichloromethane [56]. In another manuscript by Doan et al. in 2020, Litsea cubeba fruit
extract along with HAuCly was used for synthesizing gold nanoparticles that behaved as a
stabilizer and a reducer at the same time [57]. The extract from Ocimum sanctum was used
in the manuscript of Lee et al. in 2016 for preparing gold NPs with the help of solvent
fractionation in a sequential manner [58]. In addition to this, Camas et al. in 2019 isolated
Petrosia ficiformis from marine sources and created gold nanoparticles of the Citricoccus
species [59].

3. Significance of Gold NPs in Biomedicinal Applications

Gold NPs have various applications, such as in vivo imaging, in vitro assays, delivery
of various nucleic acids, delivery of drugs, and in vivo targeting, and are used in clinical
trials. The compatibility and ease of conjugation of biomolecules with gold NPs, coupled
with their optical features and ability to bring about surface modification, makes them
highly unique [60]. Gold NPs are also stable and inert, have a high rate of disparity, and
are nontoxic, which makes them ideal candidates for biomedicinal applications. Kohout
et al., in their review paper, mentioned two important aspects of gold NPs: (1) intrinsic
features of the core of the gold, (2) capability of customization of surface functionality of
NPs [61]. The study also mentions the fact that although most research studies indicate
the non-toxicity of gold NPs, further research pertaining to their toxicity following usage
of capping ligands needs to be explored. This is particularly because certain ligands can
be associated with toxic effects that can impart toxicity to the entire NP [62]. In addition
to cancer therapy, gold NPs have been found to have applications in biochemical sensing,
tagging, DNA labeling, cell imaging, and photo thermal therapy, as illustrated in Figure 2.
Gold NPs have also been used to detect the presence of metallic ions, such as those of
arsenic, lead, mercury, and copper, through a change in color of the gold NP aggregates.

In the study of Alizadeh and Nazari, recent trends and applications in therapeutic
sciences of NPs, such as gold, silver, and platinum, were discussed along with an under-
standing of the toxicity profile of various NPs. However, studies on the ways in which the
gold NPs interact with cells have not been conducted [63]. The mechanism of entry along
with compartmentalization in the subcellular areas has also not been studied. However,
Gonzélez-Ballesteros et al. mentioned that change in coatings and charge of surfaces, shape,
size, and method of synthesis, are important considerations that govern the level of toxicity
of gold NPs [64]. Furthermore, gold NPs are widely employed in biosensor production, due
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to their excellent conductivity, catalytic properties, and large surface area. Gold NPs that
have been functionalized with calixarene derivatives, peptides, and crown ethers DNA are
mostly used as sensory applications for detecting pyridinium, quaternary ammonium ions,
and other amino acids. Using the volt metrics approach, indium tin oxide electrodes and
gold NPs can be utilized to estimate hydroquinone and catechol levels. This is most used
to identify catechol in tea samples. Furthermore, in memory devices, the coating of gold
NPs with a suitable insulator is known to provide great stability. This aids in the removal
of the applied field by effectively preventing the accumulation of charges within the device.
The key area of interest of scientists, as noted in the previous study;, is targeted medication
delivery, and this is where the benefits and uses of gold NPs come into focus [65]. Another
area of interest is the ability of gold nanoparticles to physiologically image malignant cells
in the body. Because of the strong attraction of gold NPs to proteins and thiols, it is vital
that they are explored in order to be able to efficiently perform as a system for medication
delivery to the desired spot within the body [66].

APPLICATIONS OF GOLD NANOPARTICLES
DELIVERY SENSING IMAGING

¢ I 4

@812 4 l —————
- 4

Drugs Genes Ligands| |Photothermal Photodynamic
Therapy Therapy Detector

Figure 2. Extent of penetration following administration of gold NPs and their possible biomedicinal
applications (created using Biorender.com, accessed on 10 January 2022).

The drug delivery method of gold NPs deserves special mention above that of other
NP drug carriers and the currently marketed pharmaceutical products. As shown in
Figure 3, gold NPs are usually utilized as an antigen for cancer therapy for treating tumors
or malignant cells inside the body. According to Kong et al.’s research, the gold NPs can
easily reach the target cells due to their small size and ability to be equally dispersed [67].
Due to their ability to carry a large load of pharmaceuticals and systematically release
therapeutic drugs at the surface of target cells via several delivery routes, and an excellent
ability to interact with tumor cells, gold NPs are superior to others. The study also claims
that conjugating gold NPs with conventional medications can significantly reduce their
negative effects, hence improving the patients” quality of life. The use of 5 nm gold NPs
as a vehicle for drug delivery to the target site, and the covalent bond with cetuximab
as an active agent for targeting, proved to be an excellent factor in treating pancreatic
cancer. Another unique advantage of gold NPs discovered by Khoshnevisan et al. is
the capacity to target the tumor site passively via leaky neovessels; that is, the impact
of Enhanced Permeability and Retention (EPR) [68]. Furthermore, the paper describes
the controlled release of medications that are loaded in response to external and internal
stimuli. By utilizing the enhanced buildup of tumor of gold NPs that may be employed
for medication delivery, the therapeutic potentiality can be greatly increased while also
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bringing about considerable reductions in negative effects. Similarly, Thambiraj et al.
discovered that the higher density of gold NPs allows them to be employed as probing
agents in transmission electron microscopy [69]. Gold NPs have been found to aid in the
identification of biomarkers that are utilized in the diagnosis and treatment of many types
of carcinomas, cardiac disorders, and infection-causing substances. Vines et al. indicated
the benefit of gold NPs in terms of photo-dynamic therapy. These particles, following
the absorption of IR, are known to produce a significant quantity of heat when activated
with lights having wavelengths spanning between 700 and 800 nm [70]. The targeted
tumor cells can thus be eliminated and hence utilized in cancer treatment. When light
is irradiated on a tumor that possesses an accumulation of gold NPs internally or on its
surface, NPs can readily absorb the heat and become rapidly heated, killing the tumor cells
completely. This procedure is known as hyperthermia therapy. Furthermore, gold NPs aid
in the development of a suitable platform for the successful delivery of therapeutic genes.

GOLD NANOPARTICLES AS ANTICANCER THERAPEUTICS
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Figure 3. Coupling of anticancer molecules to gold NPs followed by their administration causing
tumor cell apoptosis (created using Biorender.com, accessed on 10 January 2022).

In their investigation, Xu et al. found that gold NPs have the ability to suppress
endothelial cell growth both in vitro and in vivo at the site of reduced ascites deposition [71].
Gold NPs were found to interact with and inhibit the heparin binding domain and growth
factors such as bFGF (basic fibroblast growth factor) and VEGF-165 (vascular endothelial
growth factor-165). Moreover, it was observed that these NPs did not affect epidermal
growth factor and VEGF-121. The study indicated the use of these NPs to cause a decline in
angiogenesis and edema formation. Proliferation of myeloma has also been restrained with
the help of treatment of gold NPs. In this manner, gold NPs show promising application in
carcinoma treatment without causing any such toxic effect in the body [71].

4. Type of Cancer Mainly Treated with Gold Nanoparticles

There are a variety of diseases that can be successfully treated using gold NP drug
delivery; however, the majority of research shows that gold NPs are effective in treating
breast cancer [72]. Breast cancer therapy using gold NPs that have been irradiated with
a nanosecond short pulse laser was studied by Ojha and Goel [73]. They confirmed
the damage of breast cancer cells following usage of nano photolysis. This research is
particularly useful because it has effectively demonstrated a method of nanophotolysis
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that selectively kills breast cancer cells. The findings of this research can be applied in
future in animal and human clinical trials. The study of Torre et al. by comparison,
mentioned another method of using gold nanoparticles in the therapy of breast cancer,
namely, laser-induced hyperthermia, because gold nanoparticles can aid in the production
of hyperthermia via plasmon resonance with the NIR (Near Infrared) laser [74]. The
research study clearly shows that gold NPs have potential properties for not only the
therapy of breast cancer, but also for the successful imaging of the disease. This study was
able to successfully identify the difficulties of directly introducing gold NPs for clinical
applications, as there are issues with lack of clearance and a specific tumor cell targeted
by the gold NPs. Several studies on the applicability of gold nanoparticles in cancer
therapy have been undertaken in order to fully comprehend their impact and significance
in cancer treatment.

The mediators that are commonly used in traditional cancer chemotherapy are mostly
commonly small molecules that have the potential to harm other healthy tissues in the
body due to their non-specific distribution. Furthermore, numerous resistance mechanisms
found in cancer cells may occasionally impede the function of those mediators. However,
it has been discovered that, to overcome these obstacles in cancer treatment, the usage of
gold NPs can be highly useful and effective, as the gold NPs can be properly function-
alized utilizing various types of conjugating agents. In this regard, gold NPs having a
size ranging from 135 to 160 nm have been highly investigated. Moreover, they can be
manufactured as gold nano-shells that have a branching character, with proven benefits
in cancer therapy [75]. Another study reported the utilization of an ice-cold solution of
NaBH4 that rendered gold NPs with a core size of 3.3 nm coupled with high water dis-
persibility, and that were captured inside a multifunctional dendrimer conjugated with
a-tocopheryl succinate [76]. These NPs were found to be an efficient and effective platform
for cancer therapy and targeted imaging of cancerous cells. By comparison, a previous
study provided another approach for creating hybrid gold nanocomposites having a size
of 180 nm and a spectrophotometer peak at 520 nm through the deposition of gold on poly
lactide co-glycolide loaded with docetaxel [77]. This was discovered to be particularly
effective in the treatment of cancer, via both chemo and photothermal therapy, because it
may target only tumor cells inside the body. According to this study, the solvent casting
process can be used to conjugate micelles and transferrin for the synthesis of gold NPs,
which can be employed as a cancer cell imaging agent, theranostic, and a therapeutic
agent for cancer treatment [78]. However, the authors of this study did not disclose the
spectrophotometer reading at which gold NPs can show their maximum peak. Another
study finding indicates that gold NPs can be employed as an effective carrier of several
anticancer medications, enhancing therapeutic activity and assisting in the formation of a
platform for cancer diagnostics [79].

The application and usage of gold NPs as chemotherapeutic agents in the treatment of
cancer has grown quickly, with chemo-radiotherapy being the most popular and highly
effective treatment modality in clinics for the successful treatment of many forms of
cancer [80]. Nejati et al. [81] discussed the use of gold NPs in a range of biomedical
domains, including bioimaging, biosensing, and drug delivery for cancer treatment. In this
regard, recent studies or research concerning the use of gold NPs for chemotherapy and
radiotherapy are listed in Table 2. However, there are a limited number of research works
on the applications and use of gold NPs in combination with cancer-fighting medicines
and radiation therapy. The studies summarized in Table 2, however, show an improvement
in the trend of dose response to tumor cells, and a significant reduction in the toxicity
of normal tissues in the body. Nonetheless, this requires further investigation before its
application in clinics for practical usage. Furthermore, Sathiyaraj et al. describe the use of
pan-chagavya, an organic manure, for the manufacture of gold nanoparticles that demon-
strated great antibacterial activity against Gram-negative bacteria and moderate activity
against Gram-positive bacteria in their investigation [82].
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In contrast to the findings of these investigations, another study from the Icahn School
of Medicine found that gold NPs are more successful in treating prostate cancer than all
other types of malignancy. Gold NPs, which are biocompatible and convert near-IR light
to heat, are known to be the most effective and safe way to ablate intermediate-grade
prostate cancers. In comparison to treatment of the entire gland, such as prostatectomies,
the treatment of prostate cancer with gold NPs can be performed in a more effective and
targeted manner. This aids in keeping the critical structures present inside the prostate
gland intact without any chances of changes or destruction, thereby avoiding the side
effects associated with treatments such as prostatectomies. However, this study failed to
examine the actual effectiveness of gold NP therapy for prostate cancer. Previous reports
nonetheless provide data on the treatment’s effectiveness, which were cross-checked with 16
samples with low or intermediate prostate cancer risks [83]. Another advantage of gold NP
therapy for prostate cancer discovered in this study was that combining magnetic resonance
ultrasound fusion imaging with gold NP therapy for cancer resulted in a substantially
longer period of remission. By comparison, according to Li and Lane’s research, the
popularity of gold NPs in the treatment of prostate cancer is due to two key reasons:
early diagnosis and drug delivery to the targeted area [84]. This article also provides data
on the clinical and promising applications of gold NPs for the treatment and diagnosis
of prostate cancer. Unfortunately, however, none of these studies mentioned the size of
gold NPs, which would be beneficial in providing better bioavailability and targeting of
prostate cancerous cells. As demonstrated by Luo et al., gold NPs can be classified into
three different sizes for the assessment of their individual performance in the treatment of
prostate cancer [85]. Another study reports the use of gold NPs that target PSMA (prostate-
specific membrane antigen) as promising radio sensitizers that can aid in the treatment
of prostate cancer with radiotherapy The significance of the gold NP’s size in terms of its
ability to sensitize tumor cells to radiation therapy was effectively stated in this paper, the
data for which were not found in earlier studies [86].

Furthermore, evidence from various studies that the gold NP can perform the delivery
of both water-soluble [87] and water-insoluble drugs [88] to the target site again makes
it an attractive metallic NP for the delivery of the desirable drug. According to Dykman
and Khlebtsov’s research, gold NPs can be loaded with water insoluble medication, such
as paclitaxel, using covalent or non-covalent bonding [89]. Because the gold NPs are
triggered by phosphodiesterase, which is found in cancer cells, the medication is released
in the cancer cells without any drug being released in the serum. To investigate the role
of paclitaxel’s solubility, studies in which the surface of gold NPs was conjugated with
paclitaxel-oligonucleotides-thiol were performed [90]. In this case, an enhancement of the
cytotoxic nature of paclitaxel in the sensitive and resistant cells was observed. Gharatape
and Salehi’s study, by comparison, found that encapsulating a drug with non-covalent
bonds aids in the direct release of drug molecules in an unaltered state, and that all of these
systems of direct drug delivery can be used as better agents for passively targeting cells due
to the EPR effect [91]. It was also shown that water-soluble gold NPs are employed more
frequently than insoluble gold NPs, and that their structure is like that of micelles, which
are made up of only one molecule, such as dendrimers, that has a hydrophilic exterior
and a hydrophobic core. The ligands that are radially arranged are conjugated with the
monolayer of the NP containing the alkane thiol that produces hydrophobic pockets inside
the monolayer of the NPs [92]. However, the actual effects and success of the medication
delivery system could not be fully comprehended from this study because the practical
uses of these pockets and their effects were not specified. By comparison, the use of these
hydrophobic pockets for drug encapsulation and effective and efficient drug release into
cancer cells was mentioned in another study [93]. The features of gold NPs conjugated
with doxorubicin, which is water soluble in nature, were noted by Lee et al. and the
conjugated NPs also demonstrated a drug release profile that was responsive to the pH of
the system to a large extent [94]. Hydrazone bonds were formed between the molecules
of doxorubicin and the methyl thioglycolate segments [95]. The methoxyl polyethylene
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glycols conjugated with gold NPs were discovered to be responsible for the high stability
and outstanding solubility in the aqueous medium, and to have the potential to extend
circulation time. Another study by Khutale and Casey described a single and unique
procedure that may be used to efficiently synthesis stable gold NPs that are loaded with
a mixture of two water-soluble anticancer medicines, bleomycin and doxorubicin [96].
This study is noteworthy because it provides a better understanding of the breadth and
prospects for additional research into combination chemotherapy that is assisted by gold
NPs and uses two medications with optimal and effective concentration. The combined and
conjugated medications can function through a variety of ways, reducing the odds of cancer
drug resistance, reducing the toxicity and side effects of systemic pharmaceuticals, and
improving the overall results and impact of chemotherapy for cancer treatment. Yang et al.
discovered that researchers were attempting and eventually developing a methodology for
the manufacture of plasmatic gold NPs within cancer cells, thus completely eliminating
the need for traditional benchtop methods in laboratories [97]. It was also discovered
that the biosynthesized gold NPs had the potential to greatly broaden the traditional
biomedical applications of gold NPs. This research is important because it explains how
the uncertainties of variations in the functionality, morphology, and size of gold NPs can
be completely avoided, and how the biosynthetic method can be carried out directly in
the nucleus of human cells in a matter of minutes without the use of any conventional
laboratory methods. According to the overall review of studies, because the majority of
studies have been based on the delivery of water-insoluble anticancer drugs to target sites
using gold NPs, more research is needed to understand and prepare mechanisms for the
delivery of water-soluble anticancer drugs in the body.

5. Pre-Clinical and Clinical Studies of Gold Nanoparticles in Treating Carcinoma

To determine whether a medicine is suitable for clinical trials and/or pre-clinical
investigations, substantial research is required that can aid in acquiring all relevant in-
formation on the drug’s toxicity, efficacy, safety, and pharmacokinetics. According to the
previous studies [98,99], there are few technologies that have been approved by the Food
and Drug Administration (FDA) involving gold NPs that are used in diagnosis and thera-
peutic treatment, and there are few clinical trials that are actively being conducted so that
gold NPs can be approved for the treatment and diagnosis of cancer [100]. Understanding
and influencing the level of toxicity of gold nanoparticles is largely dependent on the
production technique and environment, in addition to the morphology and size of the gold
nanoparticles. Although a large amount of information was obtained with Astra Zeneca’s
and Cytimmune’s clinical studies using Aurimune, where they utilized a drug carrier for
tumor targeting, the data do not provide any information pertaining to the negative effects
of these gold NPs on the human body [101]. In contrast, a number of studies have been
undertaken by researchers to determine the cytotoxicity, biodistribution, and physiological
response of gold NPs [102]. According to current research, there is a significant gap in
understanding the true impact of NPs because, to date, only incongruent and contradictory
information is available. As a result, it is critical to investigate the actual impact of gold
NPs on human health because there is a possibility of detrimental consequences occurring
following the unmonitored administration of these NPs. Another study correctly noted that
there are still gaps in our understanding of the overall clinical impact on the human body
of gold NPs employed for diagnostics or treatment [103]. A study of CYT-6091, comprising
gold NPs coated with citrate, having a diameter of 27 nm, and conjugated with thiolated
PEG and tumor necrosis factor o« (TNF «), was the first study of gold NPs that progressed
to the early stages of clinical testing. TNF-o was found to possess a dose-limiting haz-
ardous characteristic and produced side effects such as nausea and hypotension in prior
research; as a result, it could not be widely employed in clinical procedures. The study
also indicated that TNF-« conjugated with gold NPs was able to exhibit a dual impact on
enhanced targeting of the tumor along with toxicity of the tumor cells. Another recent study
compared the effects of free TNF-« and the combination of gold NPs coated with citrate
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TNF-« complex. The results showed that the combination with gold NPs decreased the
toxicity related to TNF-«. This study also specified that the toxicity observed with TNF-o
was pertinent to both in vivo and in vitro systems. The various research and pre-clinical
studies regarding the efficacy of gold NP conjugates in treating various types and forms of
cancer are shown in Table 3. The listed research indicates that more pre-clinical and clinical
studies based on the effectiveness and efficacy of gold NPs in the therapeutic treatment of
cancer should be conducted so that a comprehensive, composite, and better understanding
of the matter can be achieved. This will be very useful in future research studies, and
identical results and effects from multiple trials without conflicts would undoubtedly aid
in the acceptance of gold NPs for targeted therapy in clinical practices [104]. However, with
respect to nanomedicine-based research, the most significant challenge is that the in vitro
and in vivo data do not correlate. The lack of transparency and clarity surrounding the
results of in vitro and in vivo studies is also a serious concern.

Table 3. Current implementation of anticancer medicines conjugated with gold NPs for the delivery
of drugs coupled with radiation therapy.

Authors

Complex of Parameter of Results from Type of Cancer
Nanoparticles Treatment

Modality Experiment Targeted

Docetaxel aided in
better retention of gold

Gold NPs of 17.2 nm, .
. Gold . NPs owing to
Bannister et al. gold nanoparticles of ) Breast and
NPs—Polyethylene . Chemotherapy synchronism. .
[105] . 0.2 nm along with . cervical cancer
Glycol with Docetaxel Enhanced therapeutic
50 nm Docetaxel .
effectiveness observed
with the complex
Therapeutic outcome
Chemotherapy
Alamzadeh Gold NPs with 20 pg/mlf gold with of the .complex was .
etal. [106] alginate and cisplatin nanoparticle of photothermal greatly improved with ~ Cervical cancer
' 44 nm and cisplatin thera the addition of
Py photothermal therapy.
Higher anticancer
acitivity through
S greater targeting
Peng et al. Doxorubicin Wlth gold Gold NI.)S of 2nm Chemotherapy efficiency and Breast cancer
[107] nanoparticles size .
effectiveness. Better
renal clearance and
lower toxicity
Gold NPs of size H1gher anticancer
Safwat et al. - . . activity reducing the
Fluorouracil /Glutathione ranging between Chemotherapy Colorectal cancer
[108] . dose of the drug
gold nanoparticles 9 and 17 nm .
required
Peptide drug
conjugate with . Longer duration of
Kalimuthu chlorambucil— 1~Ga1?11dir11\IPlje(t)£vse1§181 Chemothera action and better half Lvmphoma
etal. [109] Polyethylene Glycol ) PY " live of the anticancer ymp
. 25 and 50 nm
along with the gold drug
nanoparticles

Another study was conducted involving in situ monitoring of the uptake of gold
nanoparticles that were functionalized with alkaline thiol, which has a positive charge due
to cancer cells attached to the surface. The monitoring was carried out with the aid of a
high-throughput optical biosensor that used waveguide grating in resonance and had no
label. The findings of the study indicated that positively charged particles with an ideal
size of 5 nm penetrated target cells more effectively than negatively charged particles [110].
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6. Future Research Domains

Based on our thorough and critical review on the applications of gold NPs for carci-
noma therapy and biomedicinal applications, a number of research gaps were identified,
thus enumerating domains for future research [111,112]. Due to the fact that cancer is
responsible for millions of deaths each year, more preclinical and clinical trials using bio-
genic gold NPs should be performed, thus allowing us to understand their efficacy and
safety in drug delivery [113]. Although substantial research indicates that gold NPs offer
the lowest toxicity in comparison to other metallic NPs, toxicity studies of gold NPs are
warranted because not much is known about the absorption, distribution, metabolism, and
elimination (ADME) of these particles inside the body [114,115]. Furthermore, because
there is a discrepancy between the in vitro and in vivo results obtained from utilizing gold
NPs, there is significant capacity to explore this field and find a way to reconcile the findings
of both types of studies. Although the development of nanomedicines clearly demonstrates
substantial progress in the drug delivery field, it is also important to evaluate the extent to
which the whole system of drug delivery may be properly modified to suit the selected drug.
Proteins, peptides, and other small molecules have demonstrated great responsiveness
when gold nanoparticles are selectively targeted to the damaged tissues. In the future, more
in-depth studies on the subject should be conducted [116-119]. Due to the fact that gold
NP synthesis is environmental friendly and produces minimum waste, future work may
entail developing and functionalizing gold NPs into various sizes and shapes, followed by
understanding the impact these particles have on the body [120,121]. With an improved
knowledge about the molecular targeting in the field of biology, alternative ligands that can
be used for the purpose of delivering specific anticancer drugs to particular sites, in addition
to gold NPs, can be studied [122-125]. Moreover, research based on a thorough under-
standing of the pharmacokinetic profiles of gold nanoparticles should be encouraged, with
a particular focus on gaining insights into the effects of ligand conjugation, nanoparticle
size, and conjugation chemistry on the physiological properties of gold nanoparticles [126].
Another potential viewpoint that requires consideration is the cumulative effect of gold
NPs’ toxicity upon repeated exposure to the human body [127,128].

7. Conclusions

Metallic NPs are at the forefront of oncotherapy due to several advantages. Gold
NPs have been found to offer benefits such as targeted drug delivery, targeted heating,
and radiation amplification. Chemical synthesis has been the focus of most efforts in this
sector to obtain gold NPs. However, due to numerous limitations, the most serious being
the usage of hazardous compounds, novel methods such as ‘green synthesis’, utilizing
natural products such as plant extracts, fungus, yeast, or bacteria, have been explored. As
most gold NPs have been shown to have a promising anti-tumor action in vitro, future
research and conclusive data obtained from clinical trials will aid in establishing the efficacy
and safety profiles of these particles, thereby enhancing patient/physician acceptability
in oncotherapy.
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