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Abstract: Silver nanoparticles (AgNPs) demonstrate potential in treating aggressive cancers such
as triple-negative breast cancer (TNBC) in preclinical models. To further the development of AgNP-
based therapeutics for clinical use, it is essential to clearly define the specific physicochemical
characteristics of the nanoparticles and connect these properties to biological outcomes. This study
addresses this knowledge gap through detailed investigations into the structural and surface func-
tional relationships, exploring the mechanisms, safety, and efficacy of AgNPs in targeting TNBC. The
surface functionality of nanoparticles is crucial not only for their internalization into cancer cells but
also for enhancing their toxicity toward tumor cells. Although the nanoparticles internalized into can-
cer cells, they failed to exhibit their full toxicity against the cancer. Herein we report a solvent-assisted
synthesis amine, mercaptohexanol and bifunctional silver nanoparticles and performing comparative
study to understand their selectivity and toxicity toward TNBC cells. The nanoparticles are fully
characterized by UV-visible absorption spectroscopy, Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), and dynamic light scattering measurement (DLS). The synthesis
method achieves an extremely high yield and surface coating ratio of synthesized colloidal AgNPs.
Our findings reveal that the amine-capped AgNPs exhibit significant selective toxicity against TNBC
cell lines MCF7 and MDA-MB-231 at a concentration of 40 pg/mL without affecting normal breast cell
lines MCF10A. This study underscores the potential of functionalized AgNPs in developing safe and
targeted therapeutic approaches for treating aggressive cancers like TNBC, laying the groundwork
for future clinical advancements.

Keywords: triple-negative breast cancer; silver nanoparticles; cysteamine; mercaptohexanol; selective
targeting; toxicity

1. Introduction

Triple-negative breast cancer (TNBC) presents unique treatment challenges due to its
lack of hormone and HER? receptors, excluding patients from receptor-targeted therapies
like those used in other breast cancer subtypes [1,2]. TNBC is highly metastatic, more
aggressive, and biologically diverse, resulting in a higher relapse rate and poorer progno-
sis [3]. Standard treatments, including surgery, radiation, and chemotherapy, are limited by
their invasiveness and severe side effects. Chemotherapy drugs such as taxanes, though
widely used, pose risks of dose-limiting toxicities and secondary cancers, offering limited
specificity for TNBC cells [4,5]. As a result, there is a critical need for the development of
novel, targeted therapeutic approaches that address the heterogeneity and aggressiveness
of TNBC, while minimizing off-target effects. Advances in precision medicine, immunother-
apy, and nanoparticle-based delivery systems hold promise for future breakthroughs in
TNBC treatment, potentially improving both patient outcomes and quality of life.

Several studies have focused on using nanoparticles as drug carriers, aiming to im-
prove bioavailability and targeted delivery of therapeutic agents to tumors. However, a

Appl. Nano 2024, 5, 227-244. https:/ /doi.org/10.3390/applnano5040015

https://www.mdpi.com/journal /applnano


https://doi.org/10.3390/applnano5040015
https://doi.org/10.3390/applnano5040015
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applnano
https://www.mdpi.com
https://orcid.org/0000-0003-0678-9383
https://orcid.org/0000-0002-1822-995X
https://orcid.org/0000-0002-8059-8000
https://orcid.org/0000-0002-8488-2690
https://orcid.org/0000-0002-6425-0370
https://doi.org/10.3390/applnano5040015
https://www.mdpi.com/journal/applnano
https://www.mdpi.com/article/10.3390/applnano5040015?type=check_update&version=1

Appl. Nano 2024, 5

228

significant challenge remains in their poor tumor-targeting abilities, which leads to con-
cerns over off-target toxicity [6,7]. While nanoparticles made from metals like gold, silver,
iron, and gadolinium have demonstrated anticancer potential by exploiting cancer-specific
vulnerabilities, silver nanoparticles (AgNPs) are of particular interest [8-12]. Gold nanopar-
ticles are well-regarded for their ease of functionalization and effectiveness in imaging and
photothermal therapy, but they can be expensive and may pose toxicity risks at high concen-
trations [13]. Magnetic nanoparticles, like iron oxide, are utilized for targeted drug delivery
and magnetic resonance imaging; however, they can exhibit toxicity, and their magnetic
properties may complicate certain imaging techniques [14,15]. Apart from that, quantum
dots are highly effective for fluorescence imaging due to their unique optical properties, but
they often contain toxic heavy metals and can suffer from photobleaching [16,17]. Carbon
dots, a newer class of nanoparticles, are gaining attention in 3D tumor models due to their
biocompatibility, low toxicity, and optical properties, making them suitable for bioimaging
and drug delivery [18,19]. However, they face challenges in synthesis consistency, potential
photobleaching, and less efficient targeting compared to other nanoparticles. Additionally,
concerns regarding their long-term biocompatibility and regulatory hurdles may hinder
their clinical use. In comparison, AgNPs are less expensive and possess strong antimicrobial
properties, which can be beneficial in therapeutic settings [20-22].

Silver nanoparticles are gaining increasing attention in cancer research, due to their in-
triguing physical-chemical features, showing inherent antiproliferative action. Their strong
antimicrobial properties have long been recognized, but recent studies have also uncovered
their cytotoxic effects against a wide variety of cancers, including breast [23], ovarian [24],
brain [25-27], cervical [28], liver [29], and others [30-35]. AgNPs have shown promise
in selectively targeting cancer cells without causing significant damage to surrounding
healthy tissues.

Despite limited clinical trials, there are intriguing case reports, such as one involving
the complete regression of metastatic head and neck cancer after a patient ingested AgNPs,
following the failure of conventional treatments [36]. This underscores the potential of
AgNPs in cancer therapy. However, as AgNPs are pleiotropic agents, sub-lethal effects
need careful examination to ensure their safety in clinical applications.

Silver nanoparticles exhibit broad-spectrum anticancer effects through multiple mech-
anisms. Research shows that AgNPs can inhibit cancer cell growth and induce cell death
by damaging cellular structures, generating reactive oxygen species (ROS), and causing
DNA damage. This leads to apoptosis or necrosis. Additionally, AgNPs can provoke
endoplasmic reticulum (ER) stress and activate the unfolded protein response (UPR). Pro-
longed UPR activation may trigger apoptosis, providing a targeted cancer therapy route.
By inhibiting tumor cell migration and angiogenesis, AgNPs may also reduce distant
metastasis. To develop a safe and effective anticancer drug, further studies are needed to
explore additional mechanisms underlying AgNPs’ anticancer effects. The physicochemical
properties of AgNPs, including size, shape, and surface coating, are crucial for optimizing
their cytotoxicity and therapeutic potential. Thus, detailed investigation of these aspects is
vital for safe and effective cancer treatment.

In this study, we hypothesize that TNBC cells are particularly vulnerable to AgNP-
induced stress and explore how different functionality (cysteamine, mercaptohexanol and
bifunctional MH+cyst) on the surface of nanoparticles affects the sensitivity of TNBC cells.

Cysteamine is a small molecule with versatile biomedical applications, including its
FDA-approved use in treating cystinosis. It has shown potential in various disease therapies,
such as cancer, where it exhibits anticancer properties by inhibiting tumor proliferation,
preventing metastasis, and inducing autophagy [37]. Cysteamine’s thiol group makes
it an excellent candidate for functionalizing nanoparticles, enhancing their stability and
therapeutic capabilities. When linked to nanoparticles, it can serve as an efficient drug
delivery vector and sensor, yet its combination with silver nanoparticles for cancer therapy
is underexplored.
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Cysteamine offers the advantage of functioning as a linker between silver nanoparticles
and targeting agents. Its surface coating, rich in amino groups, facilitates the controlled
attachment of targeting antibodies. This provides the nanoparticle with a stable layer that
not only aids in orienting binding sites but also contributes additional antitumor properties.
The dual functionality of cysteamine, both in binding and enhancing therapeutic effects,
makes it a valuable component in nanoparticle-based drug delivery systems for cancer
treatment.

6-mercapto-1-hexanol (MCH), a small molecule with a thiol group, used to prevent
nonspecific adsorption on surfaces, such as those used in biosensors. Mercaptohexanol-
functionalized silver nanoparticles hold potential in cancer treatment due to their unique
properties. Functionalization with MCH enhances nanoparticle stability and reduces
nonspecific adsorption, which improves targeting and recognition of cancer cells. Silver
nanoparticles are known for their cytotoxic effects, inducing ROS, DNA damage, and
cellular stress, ultimately leading to cancer cell death. By functionalizing AgNPs with MCH,
it may improve their effectiveness in selectively targeting tumor cells while minimizing
unwanted interactions, enhancing their therapeutic potential in cancer treatments. In this
study, we employed MCH to investigate the internalization and toxicity of MH-AgNPs
in cancer cells, with a focus on TNBC cells. The aim was to understand how surface
functionality influences not only the nanoparticles” ability to penetrate cancer cells but also
their role in selectively inducing toxicity in these cells.

We used a range of techniques to fully characterize these AgNPs, ensuring precise
control over their properties to better understand how such variations influence their
biological effects. This research could provide important insights into developing more
effective nanoparticle-based therapies for TNBC and other aggressive cancers.

2. Materials and Methods
2.1. Materials

Silver nitrate (AgNO3) and dimethylaminopyridine (DMAP) were purchased from
Fisher Scientific, Loughborough, UK. Sodium borohydride (NaBH,), 2-mercaptoethylamine
hydrochloride (cysteamine), 6-Mercaptohexanoic acid, 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl tetrazolium bromide (MTT) and dimethylformamide (DMF) were purchased from
Sigma-Aldrich, Dorset, UK.

2.2. Synthesis of Amine-Capped Silver Nanoparticles (Cyst-AgNPs)

The amine-terminated silver nanoparticles were synthesized using reduction of silver
nitrate in the presence of cysteamine hydrochloride as a stabilizing agent. In a standard
reaction setup, 20 mL of DMF was added in an Erlenmeyer flask containing a magnetic
stirrer bar. The flask was then placed in an ice bath, and sequentially, aqueous solutions of
cysteamine (0.7 mmol, 0.5 mL) and AgNO3 (0.234 mmol, 0.5 mL) were added. The reaction
mixture was stirred for 10 min, after which an aqueous solution of NaBHy (3 mL, 210 mM)
was added dropwise. A rapid color change from milky white to yellowish brown was
observed. The reaction mixture was stirred for an additional 30 min. The amine-capped
silver nanoparticles (Cyst-AgNPs) were collected and purified by centrifugation (8000 rpm,
10 min) after washing three times with DMFE. The resulting dark brown pallet of synthesized
nanoparticles were re-suspended in water.

2.3. Synthesis of Mercaptohexanol-Capped Silver Nanoparticles (MH-AgNPs)

The mecrcaptohexanol-terminated silver nanoparticles were synthesized using re-
duction of silver nitrate in the presence of 6-mercaptohexanol as a stabilizing agent. In a
standard reaction setup, 20 mL of DMF was added in an Erlenmeyer flask containing a
magnetic stirrer bar. The flask was then placed in an ice bath, and sequentially, aqueous
solutions of mercaptohexanol (0.7 mmol, 0.5 mL) and AgNOj (0.234 mmol, 0.5 mL) were
added. The reaction mixture was stirred for 10 min, after which an aqueous solution of
NaBHy (3 mL, 210 mM) was added dropwise. A rapid color change from milky white to
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yellowish brown was observed. The reaction mixture was immediately precipitated with
acetone and the nanoparticles were collected and purified by centrifugation (8000 rpm,
10 min) after washing three times with water. The resulting dark brown pallet of synthe-
sized nanoparticles were re-suspended in water.

2.4. Synthesis of MH-cyst-Capped Silver Nanoparticles (MH+cyst-AgNPs)

The MH+cyst silver nanoparticles were synthesized using reduction of silver nitrate
in the presence of 6-mercaptohexanol and cysteamine hydrochloride as a stabilizing agent.
In a standard reaction setup, 20 mL of DMF was added in an Erlenmeyer flask containing a
magnetic stirrer bar. The flask was then placed in an ice bath, and sequentially, aqueous
solutions of mercaptohexanol (0.35 mmol, 0.5 mL), cysteamine hydrochloride (0.35 mmol,
0.5 mL) and AgNOs (0.234 mmol, 0.5 mL) were added. The reaction mixture was stirred for
10 min, after which an aqueous solution of NaBHy4 (3 mL, 210 mM) was added dropwise.
A rapid color change from milky white to yellowish brown was observed. The reaction
mixture was stirred for an additional 5 min. MH+cyst-AgNPs were precipitated in acetone
and purified by centrifugation (8000 rpm, 10 min) after washing three times with water.
The resulting dark brown pallet of synthesized nanoparticles were re-suspended in water.

2.5. Characterization of Silver Nanoparticles

The synthesized AgNPs underwent a series of comprehensive characterizations to
confirm their structure and functionalization. These analyses included UV-vis absorption
spectroscopy, fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDX) and dynamic light scattering (DLS)
measurement.

The UV-vis absorption spectra of AgNPs were recorded by on a PerkinElmer 35 UV-vis
double-beam spectrometer, Shelton, CT, USA in a disposable cuvette. FTIR measurements
of Cyst-AgNPs were carried out using a PerkinElmer ATR-FTIR spectrometer, Waltham,
MA, USA by depositing a solid powder sample on the sample holder. The hydrodynamic
diameter of Cyst-AgNPs was determined by DLS measurement with a Zetasizer Nano ZS
(Malvern Instruments Ltd., Worcestershire, UK). The SEM and EDX (Oxford Instruments,
Wycombe, UK) measurements were carried out using Zeiss Gemini 300 SEM, Oberkochen,
Germany. The nanoparticle samples were prepared by dispersing the AgNPs in ethanol
and drop-casting onto a carbon-coated copper grid.

2.6. Cell Culture

The cytotoxicity of synthesized AgNPs was evaluated using MCF-10A, MDA-MB-231,
and MCF7 cell lines.

The human breast epithelial cell line MCF-10A and the cancer cell lines MCF-7 and
MDA-MB-231 were sourced from the American Type Culture Collection (ATCC) (LGC
Standards, London, UK). The MCF-10A normal breast cell line was cultured in DMEM /F12
(Gibco, Thermo Fisher Scientific, Paisley, UK) enriched with 5% horse serum (Gibco, Thermo
Fisher Scientific, Paisley, UK), hydrocortisone at 0.5 mg/mL, epidermal growth factor
(EGF) at 20 ng/mL (Peprotech, London, UK) and insulin at 10 ng/mL (Sigma Aldrich,
Gillingham, Kent, UK), maintained at 37 °C with 5% CO,. In contrast, the MCF-7 and
MDA-MB-231 cancer cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, penicillin (50 U/mL),
and streptomycin (50 mg/mL) (Gibco, Thermo Fisher Scientific, Paisley, UK) under a
humidified environment at 37 °C with 5% CO,.

2.7. Evaluation of Cytotoxicity

The cytotoxicity of AgNPs was evaluated using an MTT assay, which assesses mito-
chondrial dehydrogenase activity as an indicator of cell viability. In this method, a sterile
filtered MTT stock solution in phosphate-buffered saline (PBS) at pH 7.4 (5 mg/mL) was
added to each well of a 96-well plate, resulting in a final concentration of 0.5 mg/mL. After
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2 h of incubation, the unreacted dye was removed, and the insoluble formazan crystals were
dissolved in 100 pL. of DMSO. The absorbance was measured at 540 nm with a reference
wavelength of 630 nm using a microplate reader (BMG Labtech Ltd., Aylesbury, UK). Cell
viability (%) was calculated using the following formula:

Cell viability (%) = ODtest/ODcontrol x 100%

3. Results
3.1. Synthesis and Characterization of Silver Nanoparticles

Cyst-AgNPs were formulated from the reduction of silver nitrate using sodium boro-
hydride as a reducing agent and cysteamine, as a capping agent depicted in Scheme 1.
The reaction was performed in DMF instead of water. Oliva et al. [38] provided a clear
explanation for the preference of DMF over water. In their study they emphasize that the
synthesis of nanoparticles was effective in DMF but not in water due to the distinct proper-
ties of the ligand (cysteamine) and the solvent. The preference for DMF stems from its polar
aprotic characteristics, which effectively stabilize the positively charged amine group of
cysteamine hydrochloride. In water, cysteamine exhibits a higher propensity for interaction
with the nanoparticle surface through both its thiol and amine groups, potentially leading
to decreased stability and coating efficiency. By utilizing DMF, they promote the binding
of cysteamine predominantly through its thiol group, enhancing the stabilization of the
AgNPs.

HzN
H,N F/NH"
NH, NaBH, NH;
AgNO; + {5 N .
. = DMF /0°C
Silver Cysteamine
hitrate hydrochloride
HoN NH;
NH,
Cyst-AgNPs

on NaBH,

NH, Hy8” e
AgNO; + s M2 4 Ky DMF /0°C
Silver Cysteamine 6-mercapto-
nitrate  hydrochloride 1-hexanol

o NaBH,
—_—>
AgNO; | st/\/\/\/

DMF /0°C He

Silver 6-mercapto-
nitrate 1-hexanol

OH

OH

MH-AgNPs
Scheme 1. Schematic representation of synthesis of Cyst-AgNPs, MH+cyst-AgNPs and MH-AgNPs.

The one-pot synthesis method used in the study offers significant advantages over
ligand exchange or post-synthesis ligand addition. The presence of a reducing agent in
the reaction medium prevents the formation of disulfide bridges, which can occur under
atmospheric conditions. This eliminates the need for nanoparticle functionalization under
an inert atmosphere, simplifying the process.
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The reaction was conducted under carefully controlled conditions to optimize the
characteristics of the nanoparticles. For the synthesis of MH-AgNPs and MH+cyst-AgNPs,
we followed a similar method and reaction time as outlined by Oliva et al. However, it
was observed that extending the reaction time beyond 10 min resulted in the formation
of unstable nanoparticles, which precipitated as a black, insoluble mass immediately after
halting the reaction. Throughout our investigations, we noted that reaction times ranging
from 5 to 20 min affected nanoparticle size, with times exceeding 10 min yielding larger
AgNPs that adversely impacted solubility and stability. Consequently, we established a
reaction time of 10 min for the synthesis of MH-AgNPs and MH+cyst-AgNPs.

Upon completion of the reaction, the mixture was subjected to immediate centrifuga-
tion to halt further synthesis. However, freshly synthesized MH-AgNPs proved challenging
to precipitate via centrifugation. To enhance purification, we first precipitated the nanopar-
ticles using acetone before centrifugation, which facilitated efficient recovery. Following
centrifugation, the synthesized AgNPs were redispersed in water for subsequent character-
ization.

Each synthesis batch yielded approximately 20 to 24 mg of nanoparticles. Charac-
terization revealed that each nanoparticle possesses around 30 available binding sites for
potential functionalization or interaction with biomolecules, as reported by Oliva et al. [38].
This high degree of functionalization potential underscores the versatility of the synthesized
AgNPs for various applications.

The synthesis of Cyst-AgNPs, MH-AgNPs, and MH+cyst-AgNPs demonstrated a
delicate balance between reaction time and conditions, with the choice of DMF as a solvent
proving critical for achieving optimal nanoparticle stability and functionalization.

3.2. UV-Visible Spectroscopy

The obtained nanoparticles were characterized by UV-vis spectroscopy (Figure 1). The
strong absorbance at 400 nm to 550 nm is the characteristic of surface plasmon resonance
(SPR) of silver. The absorbance for Cyst-AgNPs has appeared at 450 nm; however, in
the case of MH-AgNPs, the absorbance is showing at 500 nm. The results indicate that
the change in functionality and possibly the increase in the carbon chain causes the SPR
absorbance shift to a higher wavelength. Interestingly, the combination of both capping
agents, (MH+cyst-AgNPs) which showed absorbance at 475 nm, exactly at the center of
Cyst and MH-AgNPs, proves that the AgNPs is functionalized with MH and Cyst capping
ligands.

Cyst-AgNPs
—— MH-AgNPs
—— MH+Cyst-AgNPs

Absorption (arb.units)

400 500 600 700 800 900
Wavelength (nm)

Figure 1. The UV-vis spectra displayed above provide insights into the optical properties of Cyst-
AgNPs (red), MH-AgNPs (blue), and MH+cyst-AgNPs (green) when suspended in water. These
spectra are instrumental in understanding the formation and stability of the nanoparticles, as well as
their surface plasmon resonance (SPR) characteristics.
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3.3. FTIR Spectroscopy

The surface functionality of AgNPs was confirmed by FTIR spectroscopy, as shown
in Figure 2. The FTIR spectra of MH-AgNPs depicted in Figure 2a were compared with
those of 6-mercaptohexanol. Similarly, Figure 2b shows the FTIR spectra of Cyst-AgNPs
compared with cysteamine hydrochloride, while Figure 2c presents the FTIR spectra of
MH-+cyst-AgNPs compared with both mercaptohexanol and cysteamine. The FTIR spectra
showed no free SH vibration at 2550-2596 cm ! (highlighted in Figure 2a—c) in all the
functionalized AgNPs, demonstrating that the thiol group successfully binds to the surface
of the silver nanoparticles.

For MH-AgNPs (Figure 2a), a broad peak at 3400 cm~! was observed, attributed
to the stretching vibration of the —OH functionality present in mercaptohexanol. The
aliphatic C-H stretching vibrations appeared at 2925 cm ! and 2856 cm™~!. In Figure 2b,
the broad absorption at 3356 cm ™! was attributed to the amine (—NH)) functionality on
Cyst-AgNPs, along with a bending vibration at 1580 cm ™. The FTIR spectra of bifunctional
MH-+cyst-AgNPs demonstrated the dual surface functionalization of both cysteamine and
mercaptohexanol, as shown in Figure 2¢c. The disappearance of the —SH functionality at
2550-2596 cm ! clearly evidenced the surface functionalization of MH+cyst-AgNPs.

(@)

Intensity (arb.units)

—— 6-mercaptohexanol
— MH-AgNPs

T T T T T T T T T T T T .
1000 1500 2000 2500 3000 3500 4000

Wavelength (cm™)

(b)

L

Intensity (arb.units)

Cysteamine hydrochloride

—— Cyst-AgNPs

T T T T T T
1000 1500 2000 2500 3000 3500 4000
Wavelength (cm™)

Figure 2. Cont.
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Intensity (arb.units)

Cysteamine hydrochloride
— 6-mercaptohexanol
MH+cyst-AgNPs

1 1 1 1 1 1
1000 1500 2000 2500 3000 3500 4000
Wavelength (cm™)

Figure 2. The Fourier transform infrared (FTIR) spectra presented above illustrate the functional
groups and molecular interactions associated with (a) Cyst-AgNPs, (b) MH-AgNPs, and (c) MH+cyst-
AgNPs. The ATR spectra of purified solid samples showing the comparison of functionalized silver
nanoparticles with their respective capping agents: cysteamine hydrochloride, mercapto hexanol and
combination of both. The spectra were normalized with respect to the 1589 cm~! peak. The blue
columns indicate the region corresponding to thiol functionality.

The presence of the symmetric and antisymmetric C—H stretching modes indicates the
presence of alkyl chains in MH+cyst-AgNPs. The stretching vibration around 3473 cm ™1 is
attributed to the —OH functionality, while the region (3300-3500 cm~!) contains significant
contributions from the —NH; stretching vibrations of cysteamine. The spectrum also
contains characteristic peaks of alkyl stretching vibrations between 2800 and 3000 cm !
and the C—O—H bending vibration around 1640 cm~!. Overall, the FTIR spectra confirm
the successful surface functionalization of bifunctional MH+cyst-AgNPs.

3.4. Morphological Analysis by SEM Spectroscopy

The SEM analysis presented in Figure 3 provides valuable insights into the morphology
of the silver nanoparticles (AgNPs). The images clearly demonstrate the presence of
monodisperse particles, which indicates a uniform size distribution throughout the sample.
Most notably, the nanoparticles exhibit a predominantly spherical shape, a characteristic
that is often associated with enhanced stability and favorable optical properties.

Quantitative analysis reveals that the average diameter of these particles falls within
the range of approximately 2-6 nm. This finding aligns well with the dynamic light scatter-
ing (DLS) data, which further supports the consistency of the particle size measurements.
The agreement between the SEM and DLS results reinforces the reliability of the synthesis
process and the effectiveness of the capping agents used.
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Figure 3. Showing the scanning electron microscopy (SEM) images of silver nanoparticles (a) Cyst-
AgNPs, (b) MH-AgNPs, and (c) MH+cyst-AgNPs. Below is a respective histogram of the nanoparti-
cles displaying the size distribution and mean diameter of the synthesized nanoparticles.

3.5. Elemental Analysis by EDX Spectroscopy

The EDX analysis offers valuable information about the elemental composition of
the synthesized nanoparticles. The EDX spectrum shown in Figure 4a—c prominently
displays a signal indicating the presence of silver (Ag) atoms. Additionally, there are
strong peaks for carbon (C) and oxygen (O), suggesting a substantial layer of cysteamine
(a), mercaptohexanol (b) and bifunctional MH+cyst-AgNPs (c) on the surface of the silver
nanoparticles. The absorption peak at around 3 keV is characteristic of silver nanocrystals,
aligning with findings reported by Ravichandran et al. [39]. Tables 1 and 2 present the
weight percentages and atomic weight percentages of the silver nanoparticles, respectively.
The EDX analysis showing silver (Ag) is the predominant element in all samples, with its
atomic weight percentage decreasing from Cyst-AgNPs (54.23%) to MH-AgNPs (46.71%)
and further to MH+cyst-AgNPs (45.26%). This trend suggests that the longer carbon
chains of the capping molecules may hinder the detection of silver. The data in Table 2
reveal a higher carbon ratio compare to silver that increases with the extent of capping,
demonstrating the successful functionalization of the silver nanoparticles.

Figure 4. The energy-dispersive spectroscopy (EDS) showing a comprehensive analysis of the
elemental composition of three types of silver nanoparticles: (a) Cyst-AgNPs, (b) MH-AgNPs, and
(c) MH+cyst-AgNPs.
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Table 1. Representing the weight percentages of the prime elements detected in the samples, primarily
silver (Ag) and sulfur (S), for Cyst-AgNPs, MH-AgNPs, and MH+cyst-AgNPs. Each sample was
measured at various points to ensure accuracy and representativeness of the data.

Element (Weight %) C (0] Na Al S Cu Ag
Cyst-AgNPs 25.11 5.20 0.35 0.81 7.08 723 54.23
MH-AgNPs 25.88 4.25 0.28 1.07 6.24 15.56 46.71

MH+cyst-AgNPs 29.02 5.85 0.23 1.27 6.27 12.10 45.26

Table 2. Representing the atomic weight percentages of the main elements detected in the samples,
primarily silver (Ag) and sulfur (S), for Cyst-AgNPs, MH-AgNPs, and MH+cyst-AgNPs. Each sample
was measured at various points to ensure accuracy and representativeness of the data.

Element (Atomic %) C (0] Na Al S Cu Ag
Cyst-AgNPs 63.39 9.85 0.46 0.91 6.69 3.45 15.24
MH-AgNPs 64.43 7.93 0.37 1.18 5.82 7.32 12.96

MH+cyst-AgNPs 66.30 10.03 0.27 1.29 5.37 5.23 11.51

3.6. DLS Analysis

The DLS spectroscopy of Cyst-AgNPs shows the overall hydrodynamic diameter
at around 10 nm with a polydispersity index (PDI) of 0.62 (Figure 5, red) suggesting
successful capping of amine functionality on the surface of silver nanoparticles. Without
proper surface functionalization, AgNPs are prone to aggregation or reversion to silver
ions; however, such behavior was not observed in our case. The presence of the capping
agent, as inferred from the DLS data, supports the conclusion that the nanoparticles are
well-stabilized. In contrast, the MH-AgNPs (Figure 5, blue) showed a slightly higher or
similar hydrodynamic diameter at around 15 nm with a PDI of 0.4; the slight increase in the
hydrodynamic diameter is possibly due to the longer carbon chain of 6-mercaptohexanol
compared to that of cysteamine which could lead to greater steric hindrance and thus
a larger effective size. On contrary the DLS spectra of MH+cyst-AgNPs showed a high
hydrodynamic diameter of 44 nm with a PDI of 0.52 compared to cyst and MH-AgNPs.
The hydrodynamic diameter measurement of nanoparticles can be influenced by several
factors, including surface functionalization, solvent interaction, and particle aggregation.
The dual functionality of MH+cyst-AgNPs might be creating a more complex surface
layer that leads to a thicker and more hydrated surface coating, resulting in increasing the
overall hydrodynamic diameter. Moreover, both mercaptohexanol and cysteamine have
hydrophilic groups (—OH and —NH3, respectively), which attracts more water molecules,
forming a larger hydration shell around each nanoparticle. Another factor is intermolecular
interactions; the dual functionalization might lead to increased intermolecular interactions,
such as hydrogen bonding or van der Waals forces, between the nanoparticles, which may
promote slight aggregation or clustering in the solution, resulting in a higher apparent
hydrodynamic diameter. In addition, the presence of two different functional groups might
introduce steric hindrance, preventing the nanoparticles from coming too close to each
other. This can stabilize the particles against aggregation to some extent but also contribute
to an increased effective diameter. Overall, the DLS data validate the successful surface
functionalization of silver nanoparticles.
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Figure 5. Displays the dynamic light scattering (DLS) spectra for three types of silver nanoparticles:
Cyst-AgNPs (red), MH-AgNPs (blue), and MH+cyst-AgNPs (green) when dispersed in water. The
spectra provide insights into the size distribution and stability of the nanoparticles in an aqueous
environment.

3.7. Zeta Potential and Surface Charge

The zeta potential of nanoparticles is crucial for understanding and controlling their
stability, surface properties, interactions with biological systems, and overall functionality
in applications such as drug delivery, diagnostics, and material science. Colloidal stability
and surface charge play key roles in how nanoparticles interact with cell membranes.
Positively charged nanoparticles tend to have higher cellular uptake but may also exhibit
greater toxicity, whereas negatively charged or neutral nanoparticles may have different
biodistribution and clearance profiles. Additionally, the surface charge affects protein
corona formation, which can alter nanoparticle functionality and biological response.

In this context, the zeta potential of silver nanoparticles was evaluated in acidic,
neutral, and alkaline pH, as shown in Figure 6. The zeta potential of Cyst-AgNPs at
neutral pH (7) was +21.56 mV. In an acidic environment, the amine groups (—NH,) are
likely to be protonated (NHj3+), resulting in a positive zeta potential of +28.37 mV. This
positive charge suggests a tendency for non-specific protein adsorption, which can lead to
the formation of a protein corona. In contrast, at higher (alkaline) pH, the amine groups
become deprotonated, leading to a negative zeta potential of —10.56 mV. These zeta values
indicate good colloidal stability for Cyst-AgNPs. This transition suggests that Cyst-AgNPs
could exhibit improved stability at alkaline pH, reducing the likelihood of protein corona
formation; however, the overall positive charge at neutral and acidic pH remains a concern
for potential non-specific interactions in biological systems.

For MH-AgNPs, the zeta potential remains negative across acidic and alkaline pH,
likely due to the ionization of —OH groups on the nanoparticles surface. At acidic pH, the
—OH groups are less likely to be protonated, resulting in a neutral or negative zeta potential.
In alkaline conditions, the deprotonation of the —OH groups further reinforce a negative
zeta potential. At neutral pH, MH-AgNPs exhibited a zeta potential of 9.44 mV, indicating
partial deprotonation. While this suggests some level of stability, the negative charge may
reduce non-specific protein adsorption compared to positively charged nanoparticles.



Appl. Nano 2024, 5

238

30 1 PH-3
25 . PH-7
PH-10

20

15 -

10

Zeta (mV)

-5

-10

Cyst-AgNPs MH+cyst-AgNP MH-AgNPs

Figure 6. Illustrates the zeta potential of silver nanoparticles measured in water at three different
pH levels: acidic (pH 3), neutral (pH 7), and alkaline (pH 10). The zeta potential values indicate the
surface charge of the nanoparticles, which plays a critical role in their stability and interactions in
biological systems.

The bifunctional cyst+MH-AgNPs followed a similar trend, with a positive zeta
potential of +15.8 mV at neutral pH. At neutral pH, the positive charge from —NH; and
the negative charge from —OH groups balance each other, resulting in a neutral to slightly
positive zeta potential. In acidic conditions, the —NH; groups are likely protonated, while
the —OH groups are not, leading to a slightly negative to neutral zeta potential. At higher
pH, the deprotonation of —OH groups result in a negative zeta potential of —6.86 mV.
While these bifunctional nanoparticles exhibit good colloidal stability across pH levels,
the presence of a positive charge at neutral pH raises concerns about non-specific protein
adsorption and protein corona formation. This could significantly alter their behavior
in biological environments, impacting their biodistribution, cellular uptake, and overall
effectiveness.

3.8. Cell Viability Assay

The cell viability assay of silver nanoparticles (AgNPs) was conducted using normal
breast epithelial cells (MCF10A) and two breast cancer cell lines (MDA-MB-231 and MCEF-7)
depicted in Figure 7. After 24 and 48 h of exposure, MH-AgNPs exhibited minimal toxicity
across all cell lines, suggesting biocompatibility at concentrations up to 100 png/mL. The
slight decrease in viability observed in MCE-10A cells at concentrations above 40 pg/mL,
followed by recovery at 48 h, indicates a transient stress response that normal cells can
overcome.

In contrast, Cyst-AgNPs displayed significant cytotoxicity toward MCF-7 and MDA-
MB-231 cancer cells, particularly at concentrations exceeding 40 ug/mL, while normal
MCF10A cells were affected only at concentrations above 80 ng/mL. This suggests that
Cyst-AgNPs may selectively target cancer cells at therapeutic doses, but caution is needed
to minimize off-target effects in healthy tissue.

The bifunctional MH+Cyst-AgNPs demonstrated enhanced cytotoxicity at concen-
trations as low as 5 ug/mL. Interestingly, MDA-MB-231 cells exhibited some resistance
at 24 h, maintaining 50% viability, but the prolonged exposure led to a sharp decrease at
48 h. The more pronounced effect on MCF-7 cells indicates that these nanoparticles may
be especially effective against certain cancer subtypes. This differential response could
be linked to differences in receptor expression, metabolic activity, or nanoparticle uptake
between the two cancer cell lines.
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Figure 7. Presents the results of a cell viability assay evaluating the dose dependent toxicity effects of
different silver nanoparticles on breast cancer cell lines MCF10A and MDA-MB-231, as well as normal
breast cells (MCF-7). There are significant differences among all three cell lines, p-value < 0.001.

These findings underscore the potential of Cyst-AgNPs and bifunctional MH+Cyst-
AgNPs as promising therapeutic agents, particularly for targeting aggressive cancers like
triple-negative breast cancer (TNBC), which remains challenging to treat with conventional
therapies. The significant cytotoxic effects of amine-functionalized AgNPs, particularly
toward TNBC cells, highlight the need for further exploration of their mechanism of action.

One potential mechanism of cytotoxicity involves the generation of reactive oxygen
species (ROS) by AgNPs, leading to oxidative stress, DNA damage, and eventual apoptosis
in cancer cells. Additionally, the amine functional groups on the nanoparticles may enhance
cellular uptake or disrupt cellular membranes, further contributing to their anti-cancer
activity. Given the selectivity observed in the study, future research should focus on
optimizing nanoparticle properties, such as size, surface charge, and coating materials, to
maximize efficacy while minimizing harm to healthy cells.
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Furthermore, in vivo studies are essential to assess the biodistribution, pharmacoki-
netics, and long-term safety of these nanoparticles. Understanding the interaction between
AgNPs and the tumor microenvironment will also be critical in determining their potential
as a clinical therapy. Finally, combination strategies with existing chemotherapeutics or
radiotherapy could enhance treatment efficacy and reduce toxicity, offering a new avenue
for cancer therapy.

4. Discussion

The silver nanoparticles were synthesized using a straightforward and well-known
method, where silver nitrate was reduced by sodium borohydride, followed by func-
tionalization with stabilizing agents such as cysteamine (Cyst-AgNDPs), mercaptohexanol
(MH-AgNPs), and a combination of both (MH+cyst-AgNPs). The synthesized nanoparti-
cles were thoroughly characterized using UV-vis spectroscopy, FTIR, SEM, EDX, and DLS.
The UV-vis spectra showed plasmon absorbance at 450 nm for Cyst-AgNPs, 500 nm for
MH-AgNPs, and 475 nm for MH+cyst-AgNPs. The shift in SPR absorbance indicates the
successful functionalization of the nanoparticles with the respective ligands [40].

SEM imaging confirmed that the nanoparticles ranged from 10 to 20 nm in size, consis-
tent with DLS data. The larger hydrodynamic diameter observed for MH+cyst-AgNDPs at
40 nm is likely due to the different surface charges, leading to a thick hydration layer and
an increase in overall diameter [41]. Zeta potential measurements provided insights into
the surface charge and stabilization of the nanoparticles across acidic, basic, and neutral pH
levels. FTIR spectroscopy confirmed the successful surface functionalization of the silver
nanoparticles, as indicated by the disappearance of the thiol peak at 2550 cm ™! [38].

The cell viability of silver nanoparticles was studied in both breast cancer and nor-
mal cell lines, including MCE-7, MDA-MB-231, and MCF10A. The assays indicated that
MH-AgNPs did not induce toxicity in either cancerous or non-cancerous cell lines. In
contrast, Cyst-AgNPs exhibited significant toxicity to both types of cells after 24 and 48 h of
incubation. This difference in cellular response may be related to the surface charge of the
nanoparticles [42]. MH-AgNPs possess a negative charge due to the presence of hydroxyl
(—OH) groups, while cell membranes also carry a net negative charge from phospholipid
head groups and various proteins. The resulting electrostatic repulsion may hinder the
direct interaction and internalization of MH-AgNPs. Although negatively charged nanopar-
ticles can still enter cells through endocytic pathways, this process tends to be slower and
less efficient compared to the uptake of positively charged particles like Cyst-AgNPs, which
carry amine (—NH;) groups. The positive charge of Cyst-AgNPs facilitates their binding
to the negatively charged cell membranes, leading to higher uptake and potential cellular
disruption, including membrane integrity loss and apoptosis [43].

For MH+cyst-AgNPs, a significant reduction in cell viability was observed in MCF-7
cell lines, whereas only a moderate reduction was noted in MDA-MB-231 cells. These
results suggest that the functionality and surface charge on nanoparticles are crucial factors
in targeting cancer cells. The functionalization with both hydroxyl (—OH) and amine
(—=NH;) groups might result in a net surface charge that does not strongly interact with
the negatively charged cell membranes. This neutral or mixed charge could reduce the
electrostatic attraction necessary for efficient nanoparticle uptake by the cells. The —OH
groups on AgNPs may contribute to a more stable and less reactive nanoparticle surface,
potentially lowering the ability of MH-cyst-AgNPs to generate reactive oxygen species
(ROS) within cells—a critical pathway for inducing cytotoxicity and apoptosis. Another
possibility is that the surface chemistry of MH-cyst-AgNPs might not favor the activation of
specific endocytic pathways necessary for efficient internalization. If the nanoparticles do
not effectively engage with receptors or other membrane components, their internalization
could be impeded, reducing their cytotoxic potential. Consequently, MH-cyst-AgNPs
may be less effective at inducing cell death in triple-negative breast cancer (TNBC) cells.
The underlying mechanisms for these observations are not fully understood and require
further investigation. In contrast, positively charged Cyst-AgNPs can facilitate electrostatic
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interactions with the negatively charged cell membrane, enhancing the uptake of Cyst-
AgNPs by TNBC cells [43]. Once inside the cells, Cyst-AgNPs can catalyze the production of
ROS, which induces oxidative stress. Elevated ROS levels can damage cellular components
such as DNA, proteins, and lipids, leading to apoptosis or necrosis [44]. Furthermore, once
Cyst-AgNPs accumulate in the mitochondria, they can disrupt the electron transport chain,
impair ATP production, and induce mitochondrial dysfunction. This disruption can trigger
the release of pro-apoptotic factors, further promoting apoptosis [45].

The interaction of Cyst-AgNPs with cell membranes may also compromise membrane
integrity. This disruption can lead to cell lysis or create pores that allow toxic molecules to
enter the cell, exacerbating cytotoxic effects [46]. Additionally, silver ions released from
Cyst-AgNPs can bind to thiol groups in proteins, altering their structure and function.
This interference can disrupt critical cellular processes, including signal transduction,
enzyme activity, and DNA repair mechanisms, ultimately leading to cell death [47]. The
Cyst-AgNPs may activate apoptotic pathways by modulating the expression of pro- and
anti-apoptotic proteins, activating caspases, or directly causing DNA fragmentation [45,48].
These mechanisms likely act synergistically, enhancing the overall cytotoxicity of Cyst-
AgNPs towards MDA-MB-231 cells. Further experimental studies, including assays for ROS
generation, mitochondrial membrane potential, caspase activity, and membrane integrity,
are needed to confirm these mechanisms and fully understand the pathways involved.

5. Conclusions

In conclusion, we successfully synthesized bifunctional silver nanoparticles and thor-
oughly characterized them using various analytical techniques. We demonstrated that the
choice of surface functionalization significantly impacts the cytotoxicity and cellular uptake
of these nanoparticles, with distinct behaviors observed for each type of functionalization.

Specifically, our findings highlight the importance and potential of Cyst-AgNPs in
targeting TNBC cells. Unlike other nanoparticle formulations, Cyst-AgNPs exhibited
pronounced cytotoxic effects, particularly against MDA-MB-231 cells, a model for TNBC.
This is significant given that TNBC lacks targeted therapies due to the absence of hormone
receptors and HER2 expression, making it more challenging to treat with conventional
methods.

The positive surface charge imparted by the amine groups on Cyst-AgNPs enhances
electrostatic interactions with the negatively charged cell membranes of cancer cells, pro-
moting efficient uptake and internalization. Once inside the cells, Cyst-AgNPs can induce
the production of reactive oxygen species (ROS), leading to oxidative stress and triggering
apoptosis. This mechanism underscores their potential as a therapeutic agent specifically
designed to exploit the vulnerabilities of TNBC cells.

Our study demonstrates that amine-capped silver nanoparticles possess selective
cytotoxicity against TNBC cells, offering a potential new avenue for treatment that exploits
the unique surface charge interactions between nanoparticles and cancer cells. The detailed
characterization of these nanoparticles provides a strong foundation for their further inves-
tigation as therapeutic agents. Future research should focus on understanding the detailed
molecular pathways involved in their cytotoxicity, optimizing dosage and administration
methods, and assessing their efficacy and safety in in vivo models. Additionally, exploring
combinations with other therapeutic agents could enhance their effectiveness and provide
new avenues for treating this aggressive form of breast cancer.
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