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Abstract: Silver nanoparticles (AgNPs) have emerged as a promising tool for cancer treatment due
to their unique physicochemical and biological properties. However, their clinical applications are
limited by their potential cytotoxicity caused due to oxidation stress and non-specific cellular uptake
pathways. To overcome these barriers, surface modifications of AgNPs have been proposed as
an effective strategy to enhance their biocompatibility and specificity toward cancer cells. In this
study, AgNPs were synthesised using the chemical reduction method and subsequently conjugated
with various capping agents such as Polyvinylpyrrolidone (PVP) and Bovine Serum Albumin (BSA).
Further, this study involves the synthesis of liposomes by using dipalmitoyl phosphatidylcholine lipid
(DPPC) and cholesterol to increase the biocompatibility and bioavailability of AgNPs to MCF-7 breast
cancer cells. In vitro, cytotoxicity studies were performed to determine which surface modification
method exhibited the highest cytotoxic effect on the MCF-7 breast cancer cells, which was determined
through the MTT assay. The AgNPs conjugated with BSA exhibited the highest cytotoxicity at
the lowest dosage, with an IC50 of 2.5 µL/mL. The BSA-AgNPs induced a dose-dependent rise in
cytotoxicity through the enhancement of nucleophilic dissolution of the AgNPs in cancer cells. In
comparison, the unmodified AgNPs had an IC50 value of 3.0 µL/mL, while the PVP-modified AgNPs
had an IC50 of 4.24 µL/mL. AgNPs encapsulated in liposomes had an IC50 value of 5.08 µL/mL,
which shows that the encapsulation of AgNPs in liposomes controls their entry into cancer cells. The
findings of this research have provided insights into the potential use of surface-modified AgNPs and
liposomal encapsulated AgNPs as novel therapeutic tools to overcome the conventional treatment
limitations of breast cancer cells.

Keywords: liposomes; BSA-capped AgNPs; PVP AgNPs; dipalmitoyl phosphatidylcholine lipid;
cytotoxicity; MTT assay

1. Introduction

Breast cancer prevails when the cell in the breast grows abnormally. Breast cancer is a
malignant tumour that originates in the breast tissue. Breast cancer can occur in both males
and females; however, females are more at risk due to breast development and lifelong
exposure to oestrogen [1]. Treatment options for breast cancer depend on the stage and type
of breast cancer but typically include surgery, chemotherapy, radiation therapy, hormone
therapy, and targeted therapy. Early detection through regular screenings and self-exams
is crucial for the best prognosis, and treatment plans are tailored to individual patient
needs [2,3].

Silver is one of the most crucial metals due to its significant role in nanotechnology,
with a market value greater than USD 2 billion reported in 2020 [4]. AgNPs are well known
for their antimicrobial properties and are, therefore, routinely applied in some medicines
for wound dressings, medical devices, implants, the cleaning of surgical equipment, and
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contraceptive devices [5]. There has been an increased interest in recent years in the
application of AgNPs in the targeted therapy of tumours due to their unique physical,
chemical, optical, and biological properties [6]. The surface chemistry, size distribution,
shape, agglomeration, and dissolution rate of nanoparticles, along with the cell type being
treated, all play an important role in the biological activity of AgNPs [4]. It is crucial to
create AgNPs that are homogeneous in size, morphology, and functions to improve their
biological applications. However, AgNPs have the potential to exhibit cytotoxic, genotoxic,
and antiproliferative effects on healthy cells along with cancerous cells [5]. Therefore, the
future application of AgNPs as an antiproliferative agent in cancer treatment could be
limited by the fact that it is equally toxic to normal cells. As a result, it is essential that the
synthesis method of AgNPs should be controlled to generate AgNPs with homogenous
size, morphology, and surface characteristics to minimise their potential adverse effects
and increase their selectivity [6].

The selection of a suitable reducing agent, such as sodium citrate, ascorbate, sodium
borohydride (NaBH4), elemental hydrogen, polyol process, and tollens reagent, is an
important factor to consider, as the shape and particle size distribution of synthesised
particles depends on the nature of the reducing agent [7]. Sodium borohydride (NaBH4)
is the most commonly used reducing agent due to its low cost and availability. Sodium
borohydride has been found to be effective in reducing silver ions to produce AgNPs with
a size range of 5–20 nm [7]. The trisodium citrate (Na3C6H5O7) has been reported to be
the most efficient reducing agent in the production of AgNPs with a size range of 60 to
100 nm [8]. However, the chemical reduction method requires the use of a metal precursor,
a reducing agent, and capping agents to ensure stable chemically synthesised colloids [9].

For therapeutic use, it is necessary to utilise capping agents to control the size, ag-
glomeration, and biological corona of the nanoparticles during colloidal synthesis and to
ensure their cellular uptake and biocompatibility. The capping agents stabilise the interface
between the nanoparticles and the preparation medium by creating a steric hindrance effect.
Most of the capping agents are amphiphilic molecules which consist of a polar head and a
non-polar hydrocarbon tail. The polar head interacts with the nanoparticle, and the non-
polar tail interacts with the preparation medium [10,11]. In this study, Polyvinylpyrrolidone
(PVP) was employed as a capping agent due to its ability to shield the AgNPs’ surface from
protein corona formation, improving dispersion in biological media. The cellular uptake
of PVP-coated AgNPs is enhanced through the control of the size and agglomeration of
the particles. PVP coating prevents the aggregation of AgNPs due to the production of
repulsive forces from the hydrophobic carbon chains that interact with each other, referred
to as the steric hindrance effect [12]. Studies have shown that short chains of PVP produce
silver nanosheets and nanoplates [13].

Another capping agent, Bovine Serum Albumin (BSA) was also used due to its stability
and biocompatible nature, making it an ideal capping agent for nanoparticles. BSA has
numerous binding sites due to the presence of charged functional groups, including car-
boxyl, sulfhydryl, and amino, which assist in the binding of nanoparticles. The binding of
nanoparticles to BSA improves their bioavailability and biocompatibility within the blood-
stream, which aids in their application for therapeutic use [14]. The physical adsorption
of BSA onto AgNPs’ surface is through weak Van der Waal forces and hydrogen bonding.
This method is simple and cost-effective and has been reported to result in stable and
monodispersed particles. The BSA layer forms a protective shell around the nanoparticles,
which enhances their stability, prevents aggregation, and reduces toxicity [15].

Liposomes are designed to mimic the lipid bilayer of the cell membrane, which
consists of phospholipids and cholesterol molecules that help restrict the movement of
small molecules. Therefore, numerous studies have encapsulated AgNPs in liposomes
made of the natural biosurfactants such as dipalmitoyl phosphatidylcholine (DPPC) to
increase permeabilization into the target cells, and cholesterol to enhance the rigidity of the
liposomes and protect the encapsulated nanoparticles [16]. It has been reported that the
prolonged administration of AgNPs could result in systemic transport to different tissues,
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resulting in systemic toxicity. Liposomal encapsulation improves targeted drug delivery
by aiding the passive transport of nanoparticles within cells, which bypasses the cell’s
membrane channels mitigating the toxic effects [5]

The main purpose of encapsulating nanoparticles in liposomes is to reduce effective
doses and their associated side effects. The encapsulation of AgNPs in liposomes improves
the retention effect and permeability of the vasculature [17,18]. However, the encapsulation
of AgNPs alone does not ensure the specific targeting of AgNPs in cancer cells. Therefore,
labelling of the surface of the liposomes with specific ligands has been developed, which
targets receptors involved in the endocytosis process.

The aim of this research was to synthesise surface-modified AgNPs and liposomes
to assess their relative cytotoxicity against the MCF-7 breast cancer cell line. This study
identifies the potential use of surface-modified AgNPs and liposomal encapsulated AgNPs
as novel therapeutic tools for breast cancer treatment. AgNPs were synthesised through
the chemical reduction method using sodium borohydride, trisodium citrate, and silver
nitrate. The effectiveness of various capping agents, BSA and PVP, was assessed to produce
AgNPs with uniform size and morphology to minimise their cytotoxic effect. The AgNPs
were encapsulated in liposomes consisting of dipalmitoyl phosphatidylcholine (DPPC)
and cholesterol to enhance the permeability and rigidity of the nanoparticles within the
vascular system. Findings from this study will help to improve the application potential of
biocompatible surface-modified AgNPs for the treatment of breast cancer.

2. Materials and Methods
2.1. Materials and Reagents

Silver nitrate (AgNO3) (CAS no.: 7761-88-8), sodium borohydride (NaBH4) (CAS no.:
16940-66-2), trisodium citrate (CAS no.: 6132-04-3), DPPC (CAS no.: 63-89-8), cholesterol
(CAS no.: 57-88-5), Bovine Serum Albumin (BSA) (CAS no.: 9048-46-8), Polyvinylpyrroli-
done (PVP) (CAS no.: 9003-39-8) were all purchased from Sigma-Aldrich, Dublin, Ireland.
All tissue culture supplies, 96-well plates, and T75 flasks were purchased from Thermo
Fisher Scientific, Dublin, Ireland. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) (CAS no.: 298-93-1), Trypsin (EDTA) (CAS no.: 25200072), Fetal Bovine Serum
(FBS) (CAS no.: A5256701), Penicillin-Streptomycin (CAS no.: 10378016), DMEM (high
glucose) (CAS no. 11965092) were purchased from Gibco, through Thermo Fisher Scientific,
Dublin, Ireland.

2.2. Silver Nanoparticles Synthesis

AgNPs were produced via a chemical reduction of silver nitrate by sodium borohy-
dride modified from the procedure reported by A. Yusuf et al. [5]. A 1 mM solution of
AgNO3 and a 2 mM solution of NaBH4 were prepared in deionised water. The reaction was
carried out in an ice bath to prevent the agglomeration of the AgNPs during the reduction
process. Then, 30 mL of the 2 mM NaBH4 solution was added to an Erlenmeyer flask in an
ice bath and stirred for 30 min. Furthermore, 6 mL solution of AgNO3 was added dropwise
to the NaBH4 solution under constant stirring. After all the AgNO3 had been added, the
flask was taken out of the ice bath and stirred until room temperature was achieved. The
resulting golden yellow solution was stored at 4 ◦C.

2.3. PVP-AgNPs Synthesis

AgNPs were also capped with 0.3% PVP, which was achieved through the addition of
1 mL of 0.3% PVP solution under constant stirring for thirty minutes after the reduction
reaction. The PVP-capped AgNPs were procured via centrifugation and washing of the
pellet thrice to remove unbound polymer. The pellet was dissolved in the solution and
stored at 4 ◦C until further use.
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2.4. BSA-AgNPs Synthesis

BSA-capped AgNPs were produced by modifying the procedure reported by Dasom
Kim et al. [14]. Briefly, 100 mg of BSA was dissolved in 30 mL of deionised water in a
conical flask at room temperature. Then, 1 mg of NaBH4 was added to the conical flask as
the reducing agent. Furthermore, 4 mL of 0.01 M AgNO3 solution was added dropwise
to the BSA/NaBH4 solution under constant stirring. The NaBH4 and excess BSA were
removed via centrifugation and thrice washing at 14,000 rpm for 10 min. This procedure
was repeated with varying concentrations of BSA 50 mg, 25 mg, 12.5 mg, and 6.25 mg. The
final BSA-AgNP samples were stored at 4 ◦C until further use.

2.5. Liposomal Preparation and Encapsulation of AgNPs

Liposomes were prepared with a combination of DPPC and cholesterol by slightly
modifying the method reported by A. Yusuf et al. [5]. DPPC and cholesterol were dissolved
in 5 mL of chloroform and the solution was mixed until clear. It was then dried in a vacuum
oven at 52 ◦C overnight. The resulting lipid cake was rehydrated in 6 mL of AgNPs solution
and vortexed for 10 min. The final lipid concentration obtained was 1 mg/mL of DPPC
and 0.23 mg/mL of cholesterol to obtain a 7:3 molar ratio. The resulting mixture was stored
at 4 ◦C for further use.

2.6. Characterisation of AgNPs
2.6.1. UV-Visible Spectrophotometry

To verify the formation of AgNPs, PVP-AgNPs, Liposomal-AgNPs, and BSA-AgNPs,
the UV-visible absorption spectra of the samples were detected in the range of 300–800 nm
with a Perkin Elmer Lambda 900 UV-visible spectrometer. Then, 0.5 mL of the AgNPs
sample and 0.5 mL of deionised water were analysed in disposable cuvettes [18].

2.6.2. Particle Size Distribution and Zeta Potential Analysis

The hydrodynamic size and zeta potential of the nanoparticles were measured using
Malvern Panalytical Zetasizer Nano (Worcestershire, UK). Briefly, 0.1 mL of the AgNPs’
colloidal sample was dispersed in 0.9 mL of deionised water and analysed in disposable
cuvettes. For zeta potential analysis, the samples were held in capillary cuvettes. Three
measurements were taken for each sample [19].

2.6.3. Fluorescence Analysis

To identify the conjugation of BSA onto the NPs surface, fluorescence spectra were
recorded in the wavelength range of 310–500 nm on a Perkin Elmer LS55B fluorescence
spectrophotometer (USA) using an excitation wavelength of 295 nm. The excitation and
emission slit widths were set at 10 nm, and the PMT voltage was set at 450 V. Then, 1 mL
solution of the BSA-AgNPs sample was analysed in a quartz cuvette [9].

2.6.4. Morphological Analysis Using Scanning Electron Microscopy (SEM)

The size and surface morphology of the AgNPs were examined via SEM analysis using
a Hitachi SU-6600 field emission SEM. Then, 0.1 mL of the AgNPs sample was dispersed in
0.9 mL of ethanol and drop-casted on silicon wafer, which was analysed [20].

2.7. Cell Culture and Exposure

The MCF-7 cell line derived from human breast cancer was used for this study. MCF-7
cells were cultured in DMEM media containing L-glutamine (Sigma-Aldrich) supplemented
with 10% of FBS and 1% of penicillin-streptomycin and incubated at 37 ◦C, with 95%
humidity and 5% CO2 in 75 cm3 culture flasks. For dose-dependent treatment, the cells
were seeded into a 96-well plate at a density of 1 × 104 cells per well in 100 µL of culture
media for 24 h. For each independent experiment, three replicate wells were performed per
concentration per plate. The cells were treated with unencapsulated AgNPs, PVP-AgNPs,
BSA-AgNPs, and liposome-encapsulated AgNPs after seeding. A positive control was
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taken, and the cells were treated by adding 25% of DMSO. A negative control of unexposed
cells was also incorporated into the plate. Additional positive control was performed by
exposing MCF-7 to 1–8 µL/mL of AgNO3 solution to test the possible cytotoxic effect of
AgNPs ionisation into Ag+ after nanoparticle exposure. The plate was incubated for a
further 24 h before performing the cell viability assay [21].

2.8. Cell Viability

After the incubation period, the culture media were removed from each well. The
MTT reagent was added to serum-free DMEM to make a final concentration of 0.5 mg/mL.
100 µL of the MTT solution was added to each well. The plate was incubated for 3–4 h
at 37 ◦C in an incubator with 95% of humidity and 5% of CO2 supply. After incubation,
the MTT reagent solution was removed, and 100 µL of the DMSO solution was added to
each well. The plate was observed for the formation of the purple formazan crystals. The
resulting fluorescence of the formazan crystals was measured at 570 nm using Spectromax
M3 Multi-Mode Microplate Reader and compared to the relative controls [22].

2.9. Statistical Analysis

All data are presented as means and ±standard errors of the mean (SEM). Statistical
analysis was carried out using GraphPad Prism version 9 and Origin 8.5. Statistically
significant differences in the tests were indicated for p < 0.05.

3. Results and Discussion

The primary objective was to synthesise stable AgNPs by following the conventional
synthesis route. Although the green synthesis of AgNPs is more environmentally friendly
due to the use of biological reagents, the chemical synthesis methods have been associated
with a higher yield of AgNPs with a narrow size distribution leading to a more dispersed
and homogenous population [23]. The drawback associated with the green synthesis
method is the production of AgNPs with irregular surface morphologies, which affects
their characterisation and surface functionalisation. The chemical reducing agent, sodium
borohydride (NaBH4), utilised in AgNPs’ synthesis generates an even particle size distribu-
tion population and the physiochemical characteristics largely depend on the nature of the
reducing agent used. Sodium borohydride was added in excess to promote instant nuclei
generation and the formation of monodisperse and uniformly sized silver colloids [8].

3.1. UV–Visible Spectrophotometer Analysis of AgNPs and Liposomes

UV–visible analysis was performed to verify the formation of AgNPs and their modi-
fication. The surface plasmon resonance peak position and intensity are dependent on the
size, shape, composition, and refractive index of the surrounding medium.

The unmodified AgNPs synthesised via a sodium borohydride-mediated reduction
were first analysed using UV–visible spectrophotometry to verify the formation of AgNPs.
As can be seen from the UV–visible spectrum in Figure 1A, a surface plasmon resonance
peak is observed at 392 nm, which is characteristic of AgNPs. The sharp peak and high
intensity indicate that the size of the nanoparticles is small and monodisperse. This is
because the conduction band electrons are more attracted to the crystal backbone of neigh-
bouring AgNPs when compared to smaller particle sizes, which reduces the conduction
band energy [24].

AgNPs were also encapsulated in liposomes made of DPCC lipids and cholesterol.
The aim of liposomal encapsulation was to evaluate the cytotoxicity of the AgNPs through
the induction of the apoptosis of cancer cells. In the case of the liposomes, the SPR peak
was much broader than that of the other samples, ranging at the base from 368 nm to
469 nm (Figure 1B). This is because due to the large size of liposomes, the peak shifts to
longer wavelengths (redshift) due to a decrease in the number of free electrons available
for resonance. The liposomes encapsulating AgNPs have altered the size of the spherical
particles, which has caused a redshift in the absorption peak to longer wavelengths.
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BSA-AgNPs were synthesised to improve the stability of the synthesised AgNPs,
enhance their nucleophilic dissolution and extend their plasma circulation time [25]. The
concentration of BSA conjugated to the surface of the AgNPs was varied to determine
whether higher concentrations of BSA had a greater impact on the prevention of agglomer-
ation. The BSA concentration was decreased by 50% in each preparation with a starting
concentration of 100 mg to determine the impact of the BSA concentration on the stabil-
ity of the AgNPs. UV–visible analysis was performed to verify the formation of AgNPs
capped with BSA. There is an SPR peak in all spectra between 431 and 441 nm, which is
characteristic of AgNPs capped with BSA, which can be seen in Figure 1C. The presence
of BSA on the surface of the AgNPs caused a redshift in the absorbance peak to longer
wavelengths than those of the uncapped nanoparticles. This shift can be attributed to the
interaction between BSA and the surface of the AgNPs, which alters the local refractive
index and the electron density of the nanoparticles [24].

PVP stabilised the synthesised AgNPs against agglomeration after synthesis, but it
also played a role in the control of the growth and nucleation of the AgNPs [25]. After
the addition of PVP to the reaction mixture in the presence of sodium borohydride, the
dissolution of PVP occurred rapidly, which was due to the presence of dissolved oxygen
in the reaction mixture from the release of dissolved silver ions [25]. The addition of the
PVP shortly after the addition of the silver nitrate prevented the further agglomeration of
the AgNPs after nucleation. The SPR peak was observed at 404 nm, which can be seen in
Figure 1D. The presence of PVP caused a narrow absorbance peak at a longer wavelength,
which indicates the presence of unaggregated nanoparticles with a uniform size distribution.
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This is because the dispersed nanoparticles possess localised electrons which cause the
SPR to shift to higher energies, causing the peaks to occur at longer wavelengths at higher
intensities. The symmetrical absorption peak also indicates the presence of symmetrical
spherical nanoparticles. The presence of the PVP on the surface of the nanoparticles has
enabled the control of the surface morphology during the growth phase of the nanoparticle
formation [26].

3.2. Fluorescence Analysis of the BSA-AgNPs

Fluorescence analysis was performed to verify the incorporation of BSA onto the
surface of the AgNPs. Figure 2 shows the fluorescence emission spectra of BSA-AgNPs
upon excitation at 295 nm. It can be observed that as the concentration of BSA increases,
the emission intensity increases gradually. The presence of AgNPs resulted in a decrease
in the emission intensity, referred to as fluorophore quenching. Both dynamic and static
quenching can be observed in these spectra. The excited state of BSA was deactivated upon
contact with the AgNPs, returning it to the ground state, which is referred to as dynamic
quenching. The presence of the AgNPs also forms a nonfluorescent ground state complex
between the BSA and the silver, referred to as static quenching [27].
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Figure 2. Fluorescence spectra of AgNPs capped with Bovine Serum Albumin (BSA) upon excitation
at 295 nm. The concentration of BSA in each sample is diluted half-fold (100, 50, 25, and 12.5 mg).

3.3. Particle Size Distribution Analysis and Zeta Potential of AgNPs and Liposomes

Once the presence of AgNPs was confirmed through UV–visible analysis, DLS anal-
ysis was performed to determine the particle size, dispersity, and zeta potential of the
AgNPs. The z-average size of the AgNPs was calculated to be 81 nm (Figure 3A). The
size distribution of the AgNPs can be seen in Figure 3. This graph shows that there is
a varied size distribution of varying intensities. The average PDI calculated was 0.37,
which is an estimate of the size uniformity of the nanoparticles in the colloid solution.
According to the literature, nanoparticles with a PDI value below 0.5 are acceptable for
drug delivery applications [27]. The zeta potential of the AgNPs was calculated to be
41.33 mV (Table 1), which is deemed to be strongly anionic [28]. The highly negative zeta
potential indicates the presence of highly charged particles, which prevents aggregation
due to electrostatic repulsion. However, the highly negative charge of the nanoparticles
also prevents the conjugation of biological proteins to the surface when suspended in the
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bloodstream. As a result, this AgNPs sample will have a shorter half-life in the bloodstream
as the reticuloendothelial system can easily excrete it.
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distribution of AgNPs synthesised with NaBH4; (B) average particle size distribution of AgNPs
capped with PVP; (C) average particle size distribution of AgNPs encapsulated with liposomes;
(D–G) average particle size distribution of AgNPs capped with different concentrations of BSA
(100 mg, 50 mg, 25 mg, and 12.5 mg).

Table 1. Average zeta potential (mV) of the unmodified AgNPs, PVP-AgNPs, and liposomal AgNPs
exhibits the highest anionic charge, which indicates a higher degree of electrostatic repulsion, which
prevents the aggregation of particles.

Colloidal Sample Zeta Potential (mV)

AgNPs (NaBH4) −41.33

AgNPs (NaBH4 and Na3C6H5O7) −0.73

PVP-AgNPs −33.0

Liposomal-AgNPs −30.66

BSA 100 mg −19.66

BSA 50 mg 18.46

BSA 25 mg −0.07

BSA 12.5 mg 1.75

The z-average size of the PVP-capped AgNPs was calculated at 20 nm, which is
significantly smaller than the unmodified nanoparticles (Figure 3B). The PDI value of
0.48 indicates that the nanoparticles are adequately uniform in size. This is due to the
addition of the capping agent, which has prevented the aggregation of the particles and the
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subsequent formation of larger particle aggregates. The PVP has prevented the aggregation
of the AgNPs due to the production of repulsive forces from the hydrophobic carbon chains
that interact with each other, referred to as the steric hindrance effect [12]. The elongated
chain of PVP has acted as a dispersant agent, which has prevented the agglomeration of
the AgNPs [13].

The size distribution graph in Figure 3C shows a large size distribution. The calculated
PDI value supports this graph with a value of 0.529. This varied size distribution is due to
the varied size of the liposomes encapsulating the AgNPs. The z-average size of liposomes
encapsulating AgNPs was calculated to be 1502 nm. This is significantly larger than the
other AgNPs samples due to the encapsulation of the nanoparticles within the liposomes.

The z-average sizes of the AgNPs capped with different concentrations of BSA (100 mg,
50 mg, 25 mg, and 12.5 mg) were 81 nm, 17.6 nm, 18.3 nm, and 17.3, in descending
order of BSA concentration. This indicates that the higher concentration of BSA has
increased the adsorption ability of BSA to the surface of the AgNPs, which has increased
the size diameter of the AgNPs. This hypothesis is corroborated by the size distribution
graphs (Figure 3D–G). The PDI values were calculated to be 0.38, 0.45, 0.27, 0.28, in
descending order of BSA concentration. The AgNPs with 25 mg of BSA have the most
uniform size distribution, while the AgNPs with 50 mg of BSA have the least uniform
size distribution. This indicates that a higher concentration of BSA increases the size
distribution of the nanoparticles due to the variation in the BSA layer thickness around
individual nanoparticles.

3.4. Scanning Electron Microscopic Analysis of AgNPs and Liposomes

The SEM analysis reported silver nanostructures of different shapes and sizes. Most of
the AgNPs capped with BSA and PVP appeared spherical in shape. The SEM images of
AgNPs capped with 50 mg of BSA support these results. Figure 4a depicts three spherical
nanoparticles of sizes 25.4 nm, 10.9 nm, and 9.71 nm. Figure 4b depicts the AgNPs’
core surrounded by a PVP corona, which indicates the successful surface modification of
the AgNPs.
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The SEM images of the liposomes after the addition of the AgNP sample have provided
confirmation that the liposomes have encapsulated the AgNPs. Figure 4c,d showed empty
liposomes. Some AgNPs of different sizes and shapes can be seen in Figure 4e. However,
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in Figure 4f, a dense structure can be seen inside the liposomes, which shows the successful
encapsulation of nanoparticles inside the liposomes for delivery to the cancer cells.

3.5. Cytotoxicity Analysis of AgNPs and Liposomes

The next objective of this research was to analyse and compare the cytotoxic potential
of the synthesised AgNPs and liposomes on the MCF-7 breast cancer cell line. It was
determined that the optimum seeding density of the plates was 10,000 cells per well, as this
density was the most cited in the literature for cytotoxicity tests on the MCF-7 cancer cell line.
It was also determined that the most effective incubation period of the AgNPs treatment
was 24 h. A higher seeding density was selected for a shorter period of incubation time. The
reference [29] also implemented a similar treatment strategy for AgNPs cytotoxicity tests on
MCF-7 cancer cells. This was therefore considered, and a 24 h treatment was implemented
during the cytotoxicity analysis of the AgNP samples. Negative and positive controls were
plated to ensure that there were no non-specific relations in the assay that would lead to
untrue positive results. The negative control consisted of untreated MCF-7 cancer cells,
which represented 100% cell viability. The positive control consisted of treatment with
25% DMSO, which represented 100% cell death. A second positive control was performed,
which consisted of treatment with 100 mM silver nitrate solution (AgNO3). Skora et al.
encapsulated AgNPs with liposomes that were labelled with epidermal growth factor to
treat EGF overexpressing-cancer cells [30]. It can be seen in this study that the encapsulation
of the AgNPs mitigated the toxic side effects of the AgNPs on healthy cells and enabled the
specific targeting of the therapeutic agent to the cancer cells.

3.6. Unmodified AgNPs

After exposure, the cellular viability levels of MCF-7 cells treated with varying concen-
trations of AgNPs for 24 h were monitored with the MTT assay. The results from the cell
viability assays from two independent experiments were pooled together and displayed
in Table 2. The results showed a dose-dependent reduction in cell viability with a greater
level of cytotoxicity observed for the AgNO3-treated cells. It has been widely proposed
that AgNPs’ ionisation into Ag+ is what causes the induction of cytotoxicity [16]. As a
result, the cytotoxicity of Ag+ on MCF-7 cancer cells was analysed. The results show that
Ag+ at a concentration of 1 µL/mL reduced MCF-7 cell viability by more than threefold.
Additionally, MCF-7 cells exposed to 2 µL/mL of Ag+ showed a three-fold reduction in
cell viability when compared to AgNPs (NaBH4) at the same concentration (Figure 5A).
AgNPs and Ag+ both displayed a comparable concentration-dependent cytotoxicity profile,
despite Ag+ being more hazardous. AgNPs’ slower ionisation rate, which has been shown
to correlate with concentration, may be the source of its reduced cytotoxicity [31]. AgNPs
have been shown to exhibit higher cytotoxicity at higher concentrations with a two-fold
reduction in cell viability from 1 to 8 µL/mL of AgNPs (NaBH4) (Figure 5A). This is because
ionisation into Ag+ is enhanced at higher concentrations [32].

Table 2. Percentage viability of MCF-7 breast cancer cells against various concentrations of AgNPs.

Sample Concentration (µL/mL)

1 2 3 4 5 6 7 8

AgNPs (NaBH4) 59.5% 63% 43% 33.6% 32.6% 23.3% 24.4% 31.5%

PVP-AgNPs 67.9% 60.4% 63.4% 40.7% 37% 27.3% 22.1% 21.4%

BSA-AgNPs 18.4% 12.6% 11.1% 11.3% 7.7% 6.4% 8.5% 5.9%

Liposomal-AgNPs 90.6% 80.5% 87% 79.5% 53.8% 24.1% 13.9% 17%

AgNO3 31.8% 19.8% 8.6% 2.95% 0.6% 0.38% 0.25% 0.23%
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Note: AgNO3 was used as a positive control.

3.7. BSA-AgNPs

The BSA-AgNPs also exhibited a greater cytotoxicity potential than the unmodified
AgNPs (Figure 5B). A substantial MCF-7 cell viability reduction was observed at 1 µL/mL
of the BSA-AgNP treatment, which was a three-fold reduction compared to the AgNPs
(NaBH4) of the same concentration after 24 h. There was also a five-fold reduction in the
cell viability of MCF-7 cells treated with 8 µL/mL of BSA-AgNPs compared to AgNPs
(NaBH4) of the same concentration after 24 h, which suggests BSA-AgNPs were more
cytotoxic than AgNPs at low and high concentrations. AgNPs (NaBH4) only induced a
significant reduction in cell viability of 66.4% at 4 µL/mL after 24 h, respectively, when
compared to the control. The IC50 values also corroborate these results, as the BSA-AgNPs
have an IC50 of 2.5 µL/mL compared to an IC50 of 3.0 µL/mL for AgNPs (Figure 6).

These findings indicate that BSA-AgNPs induced a dose-dependent rise in cytotoxicity.
These corroborate the findings of other studies, which suggest that BSA can enhance AgNPs’
dissolution kinetics in cancer cells in a size- and concentration-dependent manner. This is
caused by an excess of BSA adhering to Ag+ and causing its dissolution at an accelerated
rate. In general, BSA enhances AgNPs’ dissolution during the coating procedure. When
the BSA molecules have completely coated the surface and have formed silver–sulphide
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linkages, further AgNP dissolution is slowed down [33]. This enhancement of nucleophilic
dissolution can cause ROS generation through AgNP-catalysed free-radical reactions in
cancer cells or by disturbing the biochemical equilibrium of cancer cells [34]. Therefore, it
can be extrapolated that the mechanism of BSA-AgNPs’ induction of cytotoxicity in this
study is caused by the formation of free radicals, which result in the production of ROS.
The production of ROS causes detrimental damage to the cell plasma and mitochondrial
membranes, which ultimately leads to cell death. Studies have shown that BSA can modify
AgNPs dissolution kinetics in cancer cells in a size- and concentration-dependent manner.
One study suggests that the oxidative release of Ag ions is enhanced by the presence
of BSA on the AgNPs surface and that the degree of this enhancement is dependent on
the particle size [35]. This indicates that there are size-dependent interactions occurring
between biological cell components and the AgNPs surface, which lead to varying degrees
of cytotoxicity [15].

J. Funct. Biomater. 2023, 14, x FOR PEER REVIEW 13 of 16 
 

 

 
Figure 6. IC50 graphs of the cytotoxic effect produced on MCF-7 cancer cells. (A) IC50 is 3.0 µL/mL, 
which is the concentration required to exhibit half the max cytotoxic effect. (B) IC50 of the liposomal-
AgNPs is 5.08 µL/mL. This is the largest IC50 value, which indicates that it produces the lowest dose-
dependent rise in cytotoxicity. (C) IC50 of the PVP-AgNPs is 4.24 µL/mL. (D) IC50 of the BSA-AgNPs 
is 2.5 µL/mL. 

3.8. PVP-AgNPs 
The PVP-AgNPs induced a much lower level of cytotoxicity compared to the BSA-

AgNPs. Evidently, there was an increase in cell viability observed for concentrations be-
tween 1 and 6 µL/mL compared to AgNPs (NaBH4) at the same concentrations (Figure 
5C). However, at higher concentrations, 7 and 8 µL/mL, there was a greater reduction in 
cell viability compared to AgNPs (NaBH4) at the same concentrations. These results sug-
gest that PVP-AgNPs induce a greater cytotoxic effect at higher concentrations. This is 
evident from the IC50 values, as PVP-AgNPs have an IC50 of 4.24 µL/mL (Figure 5C), while 
AgNPs (NaBH4) have a lower IC50 of 3.0 µL/mL (Figure 6). The presence of the PVP on the 
surface of the AgNPs may have slowed down the dissolution and ionisation of the AgNPs 
at low concentrations. Therefore, higher concentrations of PVP-AgNPs are required to in-
crease the dissolution and ionisation ability. However, the administration of higher con-
centrations of PVP-AgNPs may result in adverse effects on healthy cells. Studies suggest 
that the administration of high concentrations of AgNPs results in an increase in the per-
meability of the mitochondrial inner membrane. Hussain et al. found that the mitochon-
dria in rat liver treated with high concentrations of AgNPs had increased permeability, 
which led to swelling in the mitochondria, abnormal metabolism, and ultimately cellular 
apoptosis. An additional investigation discovered a large reduction in glutathione levels, 
a reduction in mitochondrial membrane potential, and an increase in ROS. These findings 
imply that oxidative stress is likely a facilitator of the cytotoxicity of AgNPs between 15 

Figure 6. IC50 graphs of the cytotoxic effect produced on MCF-7 cancer cells. (A) IC50 is 3.0 µL/mL,
which is the concentration required to exhibit half the max cytotoxic effect. (B) IC50 of the liposomal-
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dose-dependent rise in cytotoxicity. (C) IC50 of the PVP-AgNPs is 4.24 µL/mL. (D) IC50 of the
BSA-AgNPs is 2.5 µL/mL.

The enhancement of nucleophilic dissolution can cause the generation of reactive
oxygen species (ROS) through AgNP-catalysed free-radical reactions in cancer cells or by
disturbing the biochemical equilibrium of cancer cells [34]. However, the generation of ROS
by free AgNPs can cause adverse effects on healthy cells. As a result, the encapsulation of
AgNPs within lipid bilayers has been a topic of interest to subvert the adverse effects of free
AgNPs and improve targeted delivery [36]. The encapsulation of AgNPs in liposomes has
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been shown to increase the cytotoxicity of AgNPs at low concentrations through increased
DNA damage with the suppression of ROS. This mechanism eliminates the adverse effects
of ROS observed with free AgNPs [37].

3.8. PVP-AgNPs

The PVP-AgNPs induced a much lower level of cytotoxicity compared to the BSA-
AgNPs. Evidently, there was an increase in cell viability observed for concentrations be-
tween 1 and 6 µL/mL compared to AgNPs (NaBH4) at the same concentrations (Figure 5C).
However, at higher concentrations, 7 and 8 µL/mL, there was a greater reduction in cell
viability compared to AgNPs (NaBH4) at the same concentrations. These results suggest
that PVP-AgNPs induce a greater cytotoxic effect at higher concentrations. This is evident
from the IC50 values, as PVP-AgNPs have an IC50 of 4.24 µL/mL (Figure 5C), while AgNPs
(NaBH4) have a lower IC50 of 3.0 µL/mL (Figure 6). The presence of the PVP on the surface
of the AgNPs may have slowed down the dissolution and ionisation of the AgNPs at low
concentrations. Therefore, higher concentrations of PVP-AgNPs are required to increase
the dissolution and ionisation ability. However, the administration of higher concentrations
of PVP-AgNPs may result in adverse effects on healthy cells. Studies suggest that the
administration of high concentrations of AgNPs results in an increase in the permeability
of the mitochondrial inner membrane. Hussain et al. found that the mitochondria in rat
liver treated with high concentrations of AgNPs had increased permeability, which led
to swelling in the mitochondria, abnormal metabolism, and ultimately cellular apoptosis.
An additional investigation discovered a large reduction in glutathione levels, a reduction
in mitochondrial membrane potential, and an increase in ROS. These findings imply that
oxidative stress is likely a facilitator of the cytotoxicity of AgNPs between 15 and 100 nm
in liver cells [38]. Given that the PVP-AgNPs had a z-average size of 20 nm, it can be
determined that the PVP-AgNPs induced cytotoxicity at high concentrations due to the
production of ROS.

3.9. Liposomal-AgNPs

The AgNPs encapsulated in liposomes induced much less cytotoxicity than the unmod-
ified AgNPs. As can be seen from Table 2, the liposomal-AgNPs had a 31.1% increase in cell
viability compared to the unmodified AgNPs at a concentration of 1 µL/mL. However, at
higher concentrations (6, 7, and 8 µL/mL), the liposomal-AgNPs had a two-fold reduction
in cell viability compared to the AgNPs (NaBH4) at the same concentrations (Figure 5D).
This suggests that the liposomal-AgNPs induce cytotoxicity at higher concentrations than
the AgNPs (NaBH4). This is also evident from the IC50 values, as the liposomal-AgNPs
have an IC50 of 5.08 µL/mL, while AgNPs (NaBH4) have a lower IC50 of 3.0 µL/mL
(Figure 6). Liposomal-AgNPs’ slower ionisation rate, which has been shown to correlate
with concentration, may be the source of its reduced cytotoxicity. The slower ionisation
rate is due to the much larger size of the liposomal-AgNPs compared to the unmodified
AgNPs. It is well known that a nanoparticle’s cytotoxic effect is influenced by its size. It
was hypothesised that the uptake of nanoparticles into the cell nucleus is constrained by
the nucleus’ pore size. Therefore, the size and penetrability of the liposomal-AgNPs affect
their ability to induce a cytotoxic effect. Additionally, the intracellular fate of nanoparticles
inside the cells is also time- and dose-dependent, in addition to being dependent on the
particle size [39].

4. Conclusions

To summarise the findings of this research, the synthesis of AgNPs via a sodium
borohydride-mediated reduction was determined to be the most effective synthesis method.
This is due to the small size of the AgNPs synthesised (81 nm), their uniform dispersity
(PDI 0.37), and high stability (−41.33 mZ). The AgNPs (NaBH4) also maintained their
stability 10 weeks after synthesis. The most effective surface modification was determined
to be the BSA-capped AgNPs, as these produced the highest cytotoxicity on MCF-7 breast
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cancer cells at the lowest concentrations with an IC50 of 2.5 µL/mL. The BSA-AgNPs
induced a dose-dependent rise in cytotoxicity. The PVP-AgNPs and liposomal-AgNPs also
exhibited a dose-dependent cytotoxic effect on the MCF-7 cancer cells, which is evident
from their IC50 values. The low cytotoxicity of the PVP-AgNPs at low concentrations
may be attributed to the presence of PVP on the surface of the AgNPs, which slowed
down the dissolution and ionisation of the AgNPs at low concentrations. Therefore, higher
concentrations of PVP-AgNPs are required to increase their dissolution and ionisation
ability. The low cytotoxicity of liposomal-AgNPs at low concentrations may be attributed
to the much larger size of the liposomal-AgNPs compared to that of the unmodified AgNPs.
It is hypothesised that the uptake of liposomal-AgNPs into the MCF-7 cell nucleus was
constrained by the nucleus’ pore size, which reduced its cytotoxic effect.
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