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Abstract: Breast cancer remains as a concerning global health issue, being the second leading
cause of cancer deaths among women in the United States (US) in 2019. Therefore, there is an
urgent and substantial need to explore novel strategies to combat breast cancer. A potential solution
may come from the use of cancer nanotechnology, an innovative field of study which investigates
the potential of nanomaterials for cancer diagnosis, therapy, and theranostic applications.
Consequently, the theranostic functionality of cancer nanotechnology has been gaining much
attention between scientists during the past few years and is growing exponentially. The use of
biosynthesized gold nanoparticles (AuNPs) has been explored as an efficient mechanism for the
treatment of breast cancer. The present study supposed a global systematic review to evaluate the
effectiveness of biogenic AuNPs for the treatment of breast cancer and their anticancer molecular
mechanisms through in vitro studies. Online electronic databases, including Cochrane, PubMed,
Scopus, Web of Science, Science Direct, ProQuest, and Embase, were searched for the articles
published up to July 16, 2019. Our findings revealed that plant-mediated synthesis was the most
common approach for the generation of AuNPs. Most of the studies reported spherical or nearly
spherical-shaped AuNPs with a mean diameter less than 100 nm in size. A significantly larger
cytotoxicity was observed when the biogenic AuNPs were tested towards breast cancer cells
compared to healthy cells. Moreover, biogenic AuNPs demonstrated significant synergistic activity
in combination with other anticancer drugs through in vitro studies. Although we provided strong
and comprehensive preliminary in vitro data, further in vivo investigations are required to show the
reliability and efficacy of these NPs in animal models.

Keywords: cancer nanotechnology, nanotoxicity, gold nanoparticles, anti-cancer

Introduction

Cancer remains the second leading cause of death worldwide with an estimated of
606,880 annual deaths in the United States. The American Cancer Society (ACS)
estimates that 1,762,450 new cases of cancer will be diagnosed in the US just in
2019 with more than 15 million US citizens carrying a history with cancer.'
Meanwhile, breast cancer remains the most frequent cancer in women, and
a significant public health issue globally.? Both of the developing and developed
world are suffering from breast cancer incidence and mortality.> Approximately
1.5 million new cases of breast cancer are reported each year, corresponding for
25% of all cancer cases worldwide.* Breast cancer remains at the top of newly
diagnosed cancer cases and is the second leading cause of cancer deaths among US
females, accounting for 30% of all cancer cases and 15% of cancer deaths in
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women. For instance, data from the ACS anticipates
42,260 breast cancer deaths comprising 41,760 female
and 500 male in the US in 2019." Most of these deaths
will be related to failure in diagnosis and treatment, since
several parameters, including tumor size, grade, invasion
statue to lymph nodes, human epidermal growth factor
receptor 2 (HER2), surgical margins or age of the patient,
among others, have a significant impact on the handling of
the disease.’

As happens with other cancer types, currently available
breast cancer therapies are not valid for most patients. The
lack of selective cytotoxicity to tumors, and as a consequence
the adverse effects of current drugs, lead to a reduced thera-
peutic index, and subsequently increased number of patients
who receive suboptimal drug doses.® One pivotal factor
involved in treatment failure is the specific cancer features.
For solid tumors, high interstitial fluid pressure (IFP) acts as
a barrier for the penetration of the drugs through the
capillaries,” while the overexpression of drug efflux proteins
makes the tumor cells resistant to drugs and causes therapeutic
failure.® ' Moreover, the short half-life of some chemotherapy
drugs also limits the ability of the compounds to efficiently
penetrate the tumor tissue.'!

Consequently, the considerable global mortality of breast
cancer, along with the economic burden placed on modern
society, craves for the exploration of new strategies to combat
breast cancer. Nanotechnology, as an emerging field with out-
standing applications in medicine, might have an answer.
Nanomedicine, as the interdisciplinary fusion of nanotechnol-
ogy and medicine, is a field of study that offers new opportu-
nities to combat cancer with entirely new and renovated
approaches involving the use of nanostructures. The behavior
of nanomaterials (NMs) is different from their counterparts in
the bulk scale due to their large surface-to-volume ratio, trans-
forming them in highly reactive materials. Their unique phy-
sicochemical properties provide a chance to design a new
generation of cancer theranostic compounds,'>™'* with a high
degree of tunability, allowing scientist to produce NMs with
different compositions, shapes, sizes and desired responses in
the targeted biological systems.'”

The application of nanotechnology to combat cancer has
generated a new field of study which is named “Cancer
Nanotechnology,” described as the use of nanotechnology for
cancer detection, diagnosis, imaging, and therapy.'®
Nanoscale-based drugs provide considerable benefits over
free drugs such as an increased selectivity, hence, decreasing
the systemic toxicity and enhancing the penetration of drugs
into targeted tissue, while preventing the compounds from

undergoing early degradation.'” According to the literature,
metallic nanoparticles (MNPs) have significant potential for
biomedical applications, including cancer therapy.'®
Consequently, MNPs are prospective candidates for the next-
generation of anticancer drugs,'® which can be prepared via
a facile and straightforward approach using different physico-
chemical approaches.”

Nevertheless, there is a constant rise of environmental
concerns related to the production of NMs employing tradi-
tional nanotechnology, which is leading the scientific com-
munity to focus on the design and use of environmentally-
friendly, cost-effective and biocompatible raw materials and
processes for the generation of these nanostructures. Green
Nanotechnology, as an emerging field within nanotechnol-
ogy, offers the possibility to produce NMs without the gen-
eration of toxic by-products or consumption of harsh
chemicals for synthesis and the subsequent functionalization
of NMs. Green-synthesized NMs are therefore suitable for
biomedical applications, hence overcoming many limitations
of traditional physicochemical approaches. Green nanotech-
nological approaches are characterized by the use of living
organisms, such as bacteria, fungi, plants, biomolecules, and
other natural raw materials for the efficient generation of
NMs.2' Biomolecules that are extracted from natural
sources are used as unique reducing and capping agents for
the efficient reduction of metallic ions into differently-shaped
elemental NMs, whose particular chemistry is undoubtedly
linked to the properties of the raw material, hence producing
a synergy between both materials.***’ Among all possible
chemistries employed for the production of MNPs, gold (Au)
has reached the highest attention in terms of biomedical
applications, with extensive research. As a consequence,
gold nanoparticles (AuNPs) have become an interesting
research area for cancer theranostics.'>® Due to the unique
physicochemical properties of AuNPs, they have been inves-
tigated for various applications related to cancer, such as gene

4041 radiotherapy, ****

therapy,” targeted drug delivery,
tumor detection,** and cellular Bioimaging.*’

A previous study systematically reviewed the efficacy of
biologically synthesized AuNPs against prostate cancer cells
through in vitro models and reported their significant prostate
anticancer .activity.13 However, to the best of our knowledge,
no comprehensive study has reviewed the efficacy of biogenic
AuNPs against breast cancer cells. Hence, in the current article,
we aimed to conduct a systematic review on published papers
to evaluate the anticancer activity of biogenic AuNPs against

breast cancer cells through in vitro models. At the end, an
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in vitro molecular mechanism of how biogenic AuNPs can act
against breast cancer cells is proposed.

Methods

The present study is a systematic review by the guidelines
of the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA)*® to evaluate the anticancer
activity of biogenic AuNPs against breast cancer cells
through in vitro investigations. The research was followed
by an iterative process comprehended a search strategy
and a study selection, with an inclusion and exclusion
criteria that allowed for an efficient data collection.

Search Strategy

The guidelines of PRISMA were followed for the search
strategy of the current study.*® The international electronic
databases comprising Cochrane, Scopus, PubMed, Web of
Science, Science Direct, ProQuest, and Embase were searched
for the articles published up to July 16, 2019. The asterisk
wildcard character (*) was used to include alternative forms of
words, plurals, etc. The keywords included “gold”, “Au”, and
“synthesis”, “fabrication”, “biosynthesis”, “biofabrication”,
“green”, “bioreduction”, “myco*”, “biogenic”, “biomimetic”,
“plant*”, “phyto*”, “herbal”, “fungal”, “bacterial”, “alga*”,
“microbial”, “biological”, and “nanoparticle*”, “colloidal”,

FXLINTI

“nanomaterial*”, “nanostructure*”, “nano-gold”, and “antitu-

CEENT3

mor*”, “anticancer*”, “antineoplastic”, “cell line*”, “can-
cer*”, “tumor*”, “cytotoxicity”, “cytotoxic”, as well as

“breast”.

Study Selection

The eligibility of the records was assessed by two independent
researchers through first screening (reviewing of the titles and
abstracts) and second screening (reviewing full texts). A third
investigator judged for any disagreement.

Inclusion Criteria

The eligible studies that met the following characteristics
were included in the current study: a) papers identified
from the aforementioned key search; b) peer-reviewed
original research papers; c¢) papers including sufficient
information; d) papers written in English; e) published
and/or in press papers; f) papers that studied the anticancer
activity of biogenic AuNPs against breast cancer cells
through in vitro models; and g) papers that evaluated the
biocompatibility of biogenic AuNPs with healthy breast
cells through in vitro models.

Exclusion Criteria

Ineligible studies that met the following characteristics
were excluded from the current study: a) duplicated
records; b) non-related records; c) congress abstracts; d)
non-laboratory studies such as editorials, review papers,
case reports, and letters to the editors; e) non-English
papers; and f) papers that did not study the anticancer
activity of biogenic AuNPs against breast cancer cell lines.

Data Collection

A data extraction form (Table 1) was used to extract the
following variables comprising first author, year of publica-
tion, a biological source with scientific name, characterization
techniques, size (nm), morphology, breast cancer cell line,
standard cell line, dose, exposure time, cytotoxicity method,
and significant outcome. Data extraction was performed by
two researchers. A third researcher checked the data extraction
forms. Any disagreement was resolved by discussion and
consensus. Remarkably, through the articles that evaluated
the cytotoxicity of breast cancer and healthy cells, we extracted
the biogenic AuNPs-induced cytotoxicity data of other regular
cell lines to compare the results.

Results

Search Results

Figure 1 depicts a PRISMA flowchart representing the
results of our systematic search as well as the process of
study selection. Briefly, of 1644 identified records identified
through our systematic searches, 701 records were duplicate.
The first screening was performed on 943 articles leading to
the excluding of 858 articles according to the inclusion and
exclusion criteria. Further, the second screening was con-
ducted on 85 articles, and finally, 53 articles were found
eligible to be included in the current systematic review.

Characteristics of Included Studies

Table 1 represents the results of cytotoxicity of biologically
synthesized AuNPs against breast cancer cells as well as their
biocompatibility data when cultured with normal cells. Of
a total of fifty-three articles (n=53), forty-two articles (n=42)
reported a plant-mediated synthesis process for the prepara-
tion of AuNPs in their studies. Hence, phytosynthesis of
AuNPs was the most common approach (79.24% of all stu-
dies) for the fabrication of AuNPs. Other studies (20.76% of
all studies) used bacteria (n=4), fungi (n=4), and algae (n=3)
for the green synthesis of AuNPs as unique reducing and
capping agents. Most of the reports showed the production
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Figure | The PRISMA flowchart used in this study.

of spherical or nearly spherical shaped NPs with a mean
diameter size less than 100 nm. The cytotoxicity of AuNPs
was assessed using five cytotoxic methods including MTT
(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium  bro-
mide), MTS (3-(4,5-dimethylthiazol-2-yl)-5(3-carboxy-
methonyphenol)-2-(4-sulfophenyl)-2H-tetrazolium), WST
(2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-

2H-tetrazolium), alamarBlue®™ (a weakly fluorescent blue
indicator dye called resazurin), and Sulforhodamine
B (2-(3-diethylamino-6-diethylazaniumylidene-xanthan

-9-yl)-5-sulfo-benzenesulfonate) assays. The anticancer
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activity of AuNPs was assessed against four breast cancer
cells, including MDA-MB-468, MCF-7, MDA-MB, and
MDA-MB-231 (human breast adenocarcinoma cell), and
T47D (human breast ductal carcinoma). Among these breast
cancer cell lines, MCF-7 was the predominant cell line that
was used for the evaluation of anti-breast cancer activity of
AuNPs (n=38), while the second place belongs to MDA-MB
-231 cells (n=12). Furthermore, although several studies
reported less or no cytotoxicity of biosynthesized AuNPs
against breast cancer cells, a number of examples showed
a half-maximal inhibitory concentration (ICs() representing
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Figure 2 Schematic visualization of reduction and stabilization of AuNPs using different natural sources. (A) Schematic visualization of reduction and stabilization of AuNPs
using different fruit extracts. Reprinted from | Saudi Chem Soc. Vol 23. Vijayakumar S. Eco-friendly synthesis of gold nanoparticles using fruit extracts and in vitro anticancer
studies, pages 753-761, Copyright 2019, with permission from Elsevier.>? (B) Synthetic outline for the isolation of mangiferin and synthesis of AuNPs. Reprinted from Mater
Sc Eng C. Vol 90. Patra N, Dehury N, Pal A, Behera A, Patra S. Preparation and mechanistic aspect of natural xanthone functionalized gold nanoparticle, pages 439-
445, Copyright 2018, with permission from Elsevier.*® (C) Biosynthesis of AuNPs from Dragon fruit extract (DF extract) can be considered as an eco-friendly alternative for
synthesis of AuNPs. Reprinted from Mater Lett. Vol 236. Divakaran D, Lakkakula JR, Thakur M, Kumawat MK, Srivastava R. Dragon fruit extract capped gold nanoparticles:
synthesis and their differential cytotoxicity effect on breast cancer cells, pages 498-502, Copyright 2019, with permission from Elsevier.®' (D) One pot green synthesize of
AuNPs were achieved using the leaf extracts of Carica papaya (CP) and Catharanthus roseus (CR) and the combination of these two extracts (CPCRM). Reprinted from
Process Biochem. Vol 51. Muthukumar T, Sudhakumari SB, Aravinthan A, Sastry TP, Kim JH. Green synthesis of gold nanoparticles and their enhanced synergistic antitumor
activity using HepG2 and MCF7 cells and its antibacterial effects, pages 384-391, Copyright 2016, with permission from Elsevier.”® (E) Pectin, an anionic polysaccharide
isolated from Musa paradisiaca is employed for the synthesis of AuNPs at ambient temperature conditions. Reprinted from Int | Biol Macromol. Vol 93. Suganya KSU,
Govindaraju K, Kumar VG, Karthick V, Parthasarathy K. Pectin mediated gold nanoparticles induces apoptosisin mammary adenocarcinoma cell lines, pages 1030-1040,
Copyright 2016, with permission from Elsevier.” (F) Green synthesis of AuNPs from Anacardium occidental leaves extract. The colour change from gold to ruby red
indicates the formation of AuNPs. Reprinted from Saudi | Biol Sci. Vol 26. Sunderam V, Thiyagarajan D, Lawrence AV, Mohammed SSS, Selvaraj A. In-vitro antimicrobial and
anticancer properties ofgreen synthesized gold nanoparticles using Anacardium occidentale leaves extract, pages 455459, Copyright 2019, with permission from Elsevier.*’

the significant anticancer potential of biogenic AuNPs against ~ towards breast cancer cells, while the second one reported no

breast cancer cells through in vitro studies. cytotoxicity at all when the cancerous tissue was exposed to the
nanostructures. The third group presented significant cytotoxic

. . effects of the biogenic AuNPs against breast cancer cells, but
Discussion

Cytotoxicity of Biogenic AuNPs Against

Breast Cancer and Normal Cells
The current study reports a systematic review of the efficacy of

low or no cytotoxicity against healthy cells. The fourth group
reported no cytotoxicity against both cancerous and standard
cells. Importantly, no studies were found to report higher
cytotoxicity of the biogenic AuNPs in healthy cells compared

biogenic AuNPs, prepared using different natural sources to breast cancer cells. As a consequence, this review shows

(Figure 2) towards the spread of breast cancer. The findings
showed a total of 4 trends with clear relevance in the study. The
first group reported the cytotoxic effect of biogenic AuNPs

a promising advance for the employment of biogenic AuNPs,
which had less cytotoxicity when healthy cells were exposed

compared to cancerous cells.
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Figure 3 Schematic illustration of AuNPs for drug delivery systems. (A) Schematic illustration of hybrid AUNP coated by DNA, followed by the loading of positively charged
drugs and then PEGylation for combination therapy of cancer. Reprinted from | Controlled Release. Vol 219. He C, Lu J, Lin W. Hybrid nanoparticles for combination therapy
of cancer, pages 224-236, Copyright 2015, with permission from Elsevier.'® (B) Schematic illustration of different applications of AuNPs in diagnosis and therapy. AuNPs are
used in a variety of contexts such as: photo thermal therapy, targeting, drug delivery, imaging, nucleic acid delivery, toxin and microbial agent removal and as an adjuvant.
Reprinted from Adv Drug Delivery Rev. Vol 60. Ghosh P, Han G, De M, Kim CK, Rotello VM. Gold nanoparticles in delivery applications, pages 1307-15, Copyright 2008, with
permission from Elsevier.'®' (C) Schematic representation of synthesis of biogenic AuNPs and subsequent conjugation of doxorubicin. Biodegradable doxorubicin-loaded
biogenic AuNPs complexes can be easily fragmented to release doxorubicin from AuNPs. Diffusion and accumulation of doxorubicin into cell nucleus could be achievable
regardless of the size of AuNP used. Reprinted from Colloids Surf B Biointerfaces. Vol 135. Seo JM, Kim EB, Hyun MS, Kim BB, Park TJ. Self-assembly of biogenic gold
nanoparticles and their use to enhance drug delivery into cells, pages 27—34, Copyright 2015, with permission from Elsevier.'? (D) Schematic diagram of epirubicin-loaded
marine carrageenan oligosaccharide capped AuNPs for anticancer drug (epirubicin) delivery to combat cancer cells. Reprinted from Sci Rep. Vol 9. Chen X, Han W, Zhao X,
Tang W, Wang F. Epirubicin-loaded marine carrageenan oligosaccharide capped gold nanoparticle system for pH-triggered anticancer drug release, pages 6754, Copyright

2019, Under the terms of the Creative Commons CC BY license, Springer Nature.

Furthermore, an important finding in terms of the raw mate-
rial employed for the reduction and capping of the NPs was
reported in this article. The overall studies showed that the
different biological sources for the fabrication of AuNPs affect
their cytotoxicity. For instance, Vijayakumar et al reported
a plant-mediated synthesis of AuNPs using three different plants
(degle marmelos, Eugenia jambolana, and Soursop). The dif-
ferent nanostructures showed variable cytotoxicity against
MCEF-7 cells, with ICs, values of 17244, 16344, and 98+4 ng/
mL, respectively.” Similarly, Muthukumar et al produced
AuNPs using two different plants: Carica papaya (C. papaya)
and Catharanthus roseus (C. roseus) and compared the cyto-
toxicity of the NPs towards MCF-7 and standard 3T3 cells using
an MTT assay. After 24 h of incubation, the AuNPs synthesized

103

from C. papaya showed an ICs, close to 100 pg/mL against
MCEF-7, while the ones produced from C. roseus showed an ICs,
around 150 pg/mL. Besides, the AuNPs synthesized from the
combination of both plant extracts rendered ICs values less 100
pg/mL against MCF-7 cells. Surprisingly, when the NPs were
produced by C. papaya, C. roseus, and a combination of these
plants, they did not show any cytotoxicity towards 3T3 at
concentrations of 250 pg/mL."

Remarkably, the studies also reported different cytotoxicity
among different breast cancer cells. For example, Divakaran
et al evaluated the cytotoxicity of plant-mediated synthesized
AuNPs against MCF-7 and MDA-MB-231 breast cancer cells
using an alamarBlue®™ assay. The results showed an ICs, value
of around 500 pg/mL, and less than 250 against MCF-7 cells
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after 24 and 48 h of incubation respectively, while no cytotoxi-
city was found against MDA-MB-231 cells at the same incuba-
tion periods.”’ Similarly, Suganya et al compared the
cytotoxicity of biogenic AuNPs against MCF-7 and MDA-
MB-231 breast cancer cells using an MTT assay. The authors
reported an ICsg of around 8 and 2 pg/mL against MCF-7 and
MDA-MB-231 after 48 h of incubation. However, no ICs, was
reported after one day of incubation against both breast cancer
cell lines.” In a similar study, the ICs, value of plant-mediated
AuNPs was found to be found 6 and 4 pg/mL after 48 h of
incubation when the NPs were tested against MCF-7 and MDA-
MB-231 cancerous cells. However, no 1Cs, value was found
after 24 h of incubation against both breast cancer cell lines.”
Interestingly, the AuNPs presented significant cytotoxi-
city against breast cancer cells, but less or no cytotoxicity
towards normal cells. For instance, Sunderam et al investi-
gated the cytotoxicity of plant-mediated AuNPs towards
MCF-7 cells and peripheral blood mononuclear cells
(PBMCs) using an MTT assay, reporting an ICs, of 6 and
600 pg/mL, respectively after 24 h of incubation indicating
a significant cytotoxicity of the NPs when tested towards
MCF-7 cells compared to PBMCs.*” In a similar manner,
Singh et al compared the cytotoxicity of algae-mediated
AuNPs against cancerous MCF-7 and normal MCF-10A
breast cells using the MTT assay after 24 and 48 h of incuba-
tion. The results of this study showed a clear time- and dose-
dependent cytotoxicity trend. After 24 h of incubation,
around 65% of MCF-7 and MCF-10A cells were viable at
the maximum concentration of study (200 pg/mL). After 48
h of incubation, around 55% of MCF-10A cells were viable at
200 pg/mL, while about 15% of MCF-7 cells were viable at
200 pg/mL.*® Besides, Safarpoor et al reported significant
anticancer activity against MDA-MB-231 cells with an ICs
value of 1.67 pg/mL, but lower cytotoxicity towards healthy
cell lines, with an ICsq value of 4.85 pg/mL after 24 h of
incubation.” In a similar study, Jafari et al reported the
bacteria-mediated synthesis of AuNPs and showed their cyto-
toxicity using an MTT assay against MCF-7, reporting an
ICsq value of 105.3+1.7 pg/mL after 24 h of incubation, while
no cytotoxicity was observed against 3T3 cells at 500 ng/
mL.°" Besides, Barai et al investigated the cytotoxicity of
plant-mediated AuNPs using the MTT assay. The authors
reported an ICsq of 74.04 pg/mL against MCF-7 cells. At
the same time, the NPs did not exhibit cytotoxicity against
normal human lymphocytes at 200 pg/mL.°® Likewise,
Balashanmugam et al reported a plant-mediated synthesis of
AuNPs and evaluated their cytotoxicity against MCF-7 and
healthy cells with an ICsy of around 50 and 75 pg/mL,

respectively, indicating much more cytotoxicity of AuNPs
against MCF-7 cells.®' Furthermore, Bhat et al evaluated the
cytotoxicity of fungi-mediated synthesized AuNPs towards
MDA-MB and standard cells using an MTT assay. The results
showed an ICsq of 39.143.17 and 55.3+2.74 pg/mL, respec-
tively, after 72 h of incubation indicating far less cytotoxicity
of AuNPs against healthy cells.”*

A contrast was found within the studies that presented
a lack of cytotoxic effects of biogenic AuNPs towards both
healthy and cancerous cells. For example, Chokkalingam et al
reported no cytotoxicity of plant-mediated AuNPs against
cancerous MCF-7 and normal RAW264.7 cells at concentra-
tions of 1 to 100 ug/mL after 48 h of incubation using the MTT
assay.”> These findings were in accordance to Soshnikova
et al®* and Mukherjee et al, who evaluated the anticancer
activity of plant-mediated AuNPs towards MCF-7 cells at
concentrations of 2 and 20 pg/mL using an MTT assay.
Furthermore, after 24 h of incubation, the NPs induced a 30-
40% cytotoxicity at concentrations of 2 and 20 pg/mL,
respectively.® Murugan et al evaluated the anticancer activity
of bacterial-mediated AuNPs against MCF-7 cells and
reported no cytotoxicity at a concentration of 200 mmol/L
after 24 h of incubation.®® Moreover, Krishnaraj et al reported
the anticancer activity of plans-mediated AuNPs against
MDA-MB-231 cells using the MTT assay. The results showed
that after 48 h of incubation at a concentration of 100 pg/mL,
the AuNPs induced 40% cytotoxicity against MDA-MB-231
cells.” Alternatively, Fazal et al evaluated the cytotoxicity of
photosynthesized AuNPs against cancerous MDA-MB-231
cells, and normal L1929 and NIH-3T3 cells using an
alamarBlue®™ assay. The results showed no cytotoxicity of
AuNPs after 24 h of incubation at 200 pg/mL against both
cancer and normal cell lines.”” Similar studies were reported by
Punuri et al and Babu et al, who evaluated the anticancer
potential of photosynthesized AuNPs against MCF-7 using
the MTT assay. According to these two studies, no cytotoxicity
was found against MCF-7 cells in the range of 1 to 100 umol/
L.7>97 Besides, Nune et al reported no cytotoxicity of plant-
mediated AuNPs against MCF-7 cells in the range of 10-150
pmol/L after 24 h of incubation using the MTT assay.”

Synergistic Effects of Biogenic AuNPs
Conjugated to Anticancer Drugs to

Combat Breast Cancer Cells
The synergetic effects of biogenic AuNPs with therapeutic
agents might be presented as a novel strategy in the future
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for targeted drug delivery systems, hence preventing
unwanted dose-related side-effects (Figure 3).

Ranjith Santhosh Kumar et al synthesized AuNPs using the
fungus Ganoderma Ilucidum in a straightforward and cost-
effective manner. Then, they compared the anticancer activity of
doxorubicin (DOX) with the biosynthesized NPs conjugated to
DOX using the MTT assay. The DOX concentration range was
set between 6.25 and 300 umol/L, with measurements taken after
48 h of incubation. The ICs, value of the AuNPs conjugated to the
chemotherapy drug was 50 uM, while the ICs, value of DOX
alone was 400 pmol/L, which clearly indicates the influence and
relevance of the combination of biogenic AuNPs with anticancer
drugs, reducing cytotoxicity.”® Alternatively, Kumar et al followed
a green-synthesis approach for the production of AuNPs using the
plant Limonia acidissima L. and conjugated them to epirubicin
and folic acid (FA). They then compared the anticancer activity of
these complexes with free epirubicin, testing the system towards
MCF-7 cells, with a drug range up to 30 pg/mL for 2 days of
incubation. The ICs, value of this complex was 2 pg/mL, while
the ICs, value of the free epirubicin was 28 ug/mL.78 In a different
way, Ganeshkumar et al produced AuNPs using the plant Punica
granutum and conjugated the nanostructures to S-fluorouracil
(5-Fu) and FA for the evaluation of their anticancer activity against
MCEF-7 cells using the MTT assay. The ICs, value of conjugated
the AuNPs was found at 250 ng/mL (concentration of 5-Fu),
while the ICsy value of 5-Fu was found to be 1000 ng/mL.”?
Beyond these findings, further studies are required to evaluate the
anticancer potential of the biogenic AuNPs and some FDA
approved drugs through in vivo models.

Proposed Molecular Mechanisms of
Biogenic AuNPs-Induced Cytotoxicity

Against Breast Cancer Cells

Although the exact molecular mechanisms of biogenic
AuNPs-induced cytotoxicity against breast cancer cells is
not fully understood, some studies proposed the involve-
ment of different molecular mechanisms, such as the influ-
ence of Reactive Oxygen Species (ROS) and apoptosis
factors as shown in Figure 4.

ROS-Induced Cytotoxicity Mechanism

Reactive oxygen species, or ROS, are unstable free radi-
cals that contain oxygen and easily react with other mole-
cules presented in cellular environments, leading to
different alterations, such as cell damage at the molecular
level, which may lead to cell death. Some researchers have
found that there exists a clear biogenic AuNPs-induced

overproduction of intracellular ROS when they contact
biological tissue.®® A study was done by Barai et al,
where they measured intracellular ROS levels after expo-
sure of biogenic AuNPs to breast cancer cells, showing
that the plant-mediated NPs caused significant cytotoxicity
towards MCF-7 cells at a concentration of 100 ug/mL due
to the overproduction of ROS.®® Likewise, Parveen et al
confirmed that biogenic AuNPs induced -cytotoxicity
against MDA-MB cells due to an excess of ROS levels.
The authors also reported that ROS might result in deox-
yribose phosphate backbone damage as well as a change in
purine and pyrimidine bases through the chemical modifi-
cations in DNA,*® which undoubtedly led to cell death.

AlF-Induced Cytotoxicity Mechanism
Apoptosis-inducing factors (AIFs) are proteins which trigger
chromatin condensation and DNA fragmentation in
a particular cell, leading to programmed cell death. The pro-
duction of these factors was found to be related to exposure of
the cells to external agents, such as NPs. A recent study
reported the production of algae-mediated AuNPs and the
induction of late apoptosis when they were exposed to MCF-
7 cancer cells after a 24 h incubation period.** In a similar
study, a meticulous cell cycle analysis revealed significant
apoptosis in the GO/G1 to S cell phases when MDA-MB-231
and MCF-7 cells were exposed to plant-mediated AuNPs.
These apoptotic cycles led to DNA damage inside the cancer-
ous cells, reporting ICs, values (6 pg/mL for MCF-7 and 4 pg/
mL for MDA-MB-231 cells) after 48 h of incubation. The
study also revealed considerable numbers of nucleoids with
massive tails, indicating a high level of DNA single-strand
breaks within the cells.”* Besides, it was reported that MCE-
7 cells treated with photosynthesized AuNPs showed
a considerable decline in the intracellular glutathione content
and an increase in the Bax/Bcl2 ratio and caspase-3 (proteins
related to apoptosis).** In a similar study, the plant-mediated
AuNPs showed a dose-dependent increase in caspase-3, —8,
and —9 protease activities in MCF-7 cells which were treated
with different concentrations of AuNPs, ranging from 6.25 to
100 pg/mL for 48 h.*” Likewise, a different study reported
increased levels of caspase-3 protease activation in MDA-MB
-231 cells treated with plant-synthesized AuNPs.”®

Biogenic AuNPs as Future Anti-Cancer

Nanomedicine: Hurdles and Challenges
Figure 5 shows the challenges of AuNPs to enter clinical trials
in the fight towards breast cancer. Although different NPs are
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presented as a promising strategy for the next-generation of
theranostic drugs, their safety remains a concern for human
patients, with no exception for biogenic AuNPs. As it was
stated before, NMs’ properties are different from their bulk
counterparts.41 The size, shape, surface charge, surface chem-
istry, and other properties of biogenic NPs may change their
pharmacokinetics and pharmacodynamics as well as their
cytotoxicity and presence of side-effects.'? ' Nonetheless, it
is well-known that green synthesized NMs present advances in
terms of biocompatibility and generation, leading to a new
variety of possibilities and enhancements. Despite that, many
challenges should be addressed before the translation of labora-
tory studies to clinical applications. The chronic and acute
toxicity of biogenic AuNPs should be considered in future
studies.

Moreover, a comprehensive study should be carried
out concerning the role of the protein corona surrounding
the spheres. The protein corona is made of biomolecules
from the natural raw materials used for the production of
the NPs, such as lipids, proteins, carbohydrates and other
small molecules.'*'% Therefore, the protein corona has
a strong influence on the surface chemistry and charge,
clearly leading to different responses in cellular uptake,
cytotoxicity, immunogenicity, and anticancer activity of
the biogenic AuNPs.'°*!'°7 Besides, the green NPs can
be conjugated to other FDA approved drugs, as well as
different therapeutic and diagnostic agents, enhancing
their biomedical applications. Besides, research has
shown the promising future of biogenic AuNPs as drug
delivery nanocarriers,'> which undoubtedly provides
a path for designing the next-generation of nanoplat-
forms for medical applications. Furthermore, the role of
natural-derived reducing and stabilizing agents on the
cytotoxicity of biogenic AuNPs should be explained in
future studies. Additionally, the mammalian cell based
capacities to synthesize AuNPs were recently investi-
gated as a promising strategy for bioimaging, hyperther-
mia and other therapeutic applications.'®®''* Despite all
the mentioned challenges, it is expected that more and
more biogenic AuNPs will be employed as anticancer
drugs, either alone as carriers or combined with drugs.

Conclusion

The current review reported a systematic effort to discuss the
efficacy of biologically synthesized AuNPs against breast can-
cer cells through in vitro investigations. The studies presented
several naturally-derived raw materials used as unique redu-
cing and capping agents for the environmentally-friendly and

cost-effective synthesis of AuNPs with different morphologies
and size distributions. Although many heterogeneities have
been reported throughout these studies, an inclusive approach
presented much more cytotoxicity of biogenic AuNPs towards
breast cancer cells compared to healthy cells. Besides, the
biogenic AuNPs showed significant synergy when combined
with other anticancer drugs through in vitro models. The
proposed anticancer mechanisms of biogenic AuNPs included
the overproduction of ROS, as well as activation of caspase
cascades for induction of apoptosis. Although preliminary
evidence of the significance of the anticancer potential of eco-
friendly synthesized AuNPs was presented, further in vivo
studies should be conducted to show their anticancer efficacy
through animal models. Moreover, many challenges and ambi-
guities about biogenic AuNPs should be addressed in the future
such as their genotoxicity, safety profile, therapeutic window,
pharmacokinetics, and pharmacodynamics, among others.
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