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KEYWORDS Abstract Nanoscience research aims to produce nanoparticles without adverse effects for medical
Gold Nanoparticles; applications. The pulsed laser ablation (PLA) technique was utilized in this study to synthesize gold
Pulsed Laser Ablation; nanoparticles (AuNPs) using bovine serum albumin (BSA) in simulated body fluid (SBF) at the fun-
Bovine Serum Albumin; damental wavelength of the Nd: YAG laser (1064 nm). BSA acted as a stabilizer, reducing and cap-
Localized Surface Plasmon ping agent to produce spherically shaped AuNPs (diameter 3—-10 nm). The successful synthesis of
Resonance; AuNPs was confirmed through color changes and UV-vis spectroscopy. The agglomeration and
CytOtOXi_Cit}’; precipitation of AuNPs are attributed to the presence of BSA in the solution, and electrostatic
Apoptosis repulsion interactions between BSA and Au nanoclusters. The effect of salt concentration of

SBF on BSA stability as well as the interaction of BSA conjugated AuNPs to form complexes
was studied using molecular dynamic simulations. Our results show that the stability of AuNPs-
BSA conjugates increase with the salt concentration of BSA. Moreover, the synthesized AuNPs
exhibit low toxicity and high biocompatibility, supporting their application in drug delivery. Inves-
tigation of the cytotoxic effect of the synthesized AuNPs show that normal fibroblast cells (L929)
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remain intact after treatment whereas a dose-dependent inhibition effect on the growth of cervix

cancer cells (HeLa) is observed. In general, this study presents an effective, environmentally-

friendly, and facile approach to the synthesis of multifunctional AuNPs using the PLA technique,

as a promising efficacious therapeutic treatment of cervical cancer.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nanoparticles (NPs) have a variety of potential applications, particu-
larly in the fields of biological sciences and biomedicine as a foremost
vehicle for drug targeting and delivery (Amendola and Meneghetti
2013, Rehbock et al., 2014, Guerrini et al., 2018). Nanomedicine is a
rapidly expanding field, and it is projected to be a promising tool for
several therapeutic treatment programs. NPs can be utilized in
nanocarrier-mediated combination treatments to modify multiple
pathways, enhance the efficiency of therapeutic interventions, target
specific phases of the cell cycle or overcome drug resistance mecha-
nisms (Mitchell et al., 2021). Metal NPs are commonly synthesized,
stabilized and functionalized by different chemical, physical, and bio-
logical techniques that comprise electrochemical reduction(Zhang
et al., 2002), photochemical reactions (Scaiano et al., 2012), thermal
decomposition (Lassenberger et al., 2017), and heat evaporation
(Richter et al., 2011). The NPs synthesized via these techniques are
particularly reactive, unstable, and hazardous to the environment
(Singh et al., 2018), which has intensified the demand for green alter-
natives to the synthesis of NPs. In contrast, the green approaches
are economical, eco-friendly, less time consuming, and are safe or non-
invasive to the human body. These appealing properties have pro-
moted the prevalence of green techniques in the synthesis of NPs
(Freitas de Freitas et al., 2018). For instance, the microwave-induced
plasma-in-liquid process (MWPLP) of synthesizing NPs does not
require toxic reducing agents and the energy consumption is relatively
low. Similar to radiolysis induced by gamma radiation or X-rays, the
MWPLP basically involves the hydrolysis of water molecules by micro-
waves, which results in the production of reducing agents that initiate
the nucleation of metallic particles (Cempel et al., 2018). Furthermore,
the use of laser sources is another green route for the synthesis of NPs
(Kabashin et al., 2010). For instance, Yb: KGW laser was used to syn-
thesize biocompatible gold nanoparticles (AuNPs) with comparatively
better morphology than their counterparts produced using other tech-
niques (Correard et al., 2014).

The benefits of NPs includes low doses requirement to induce activ-
ity and their high bioavailability (Van der Zande et al., 2000,
Jeevanandam et al., 2018). In order to generate a stable AuNPs in bio-
logical fluids, the NPs need to be coated, stabilized, functionalized, or
conjugated with different organic moieties in order to create a protec-
tive layer surrounding the NPs that can subsequently prevent aggrega-
tion (Bogdanov Jr et al., 2015, Adewale et al., 2019). Practical
applications of NPs in biological fluids, such as blood plasma, require
the stability and monodispersity of the material under adverse condi-
tions, since sedimentation and agglomeration of particles (Pérez-
Juste et al., 2005, Dominguez-Medina et al., 2013) may disrupt biodis-
tribution, resulting in damaging negative effects. Given that the con-
centration of ions in a simulated body fluid (SBF) is similar to that
of the human blood plasma, SBF is utilized for in vitro analyses of
the bioactivity of artificial materials and for the deposition of bone-
like apatite on different substrates (Oyane et al., 2003).

Gold nanoparticles (AuNPs), in particular, has attracted interest
among researchers especially in water purification for their catalytic
properties (Harisha et al., 2021, Kim et al., 2021), colorimetric detec-
tion of targeted metal ion (Harisha et al., 2021, Nguyen et al., 2022)
and due to its non-toxic and antibacterial properties, AuNPs has been
employed in food nanopackaging (Paidari and Ibrahim 2021). Over the
recent years, AuNPs has been employed in vast application in biome-

dicine. This include AuNPs potential application such as in radiosen-
sitizing agent for cancer radiotherapy (Alhussan et al., 2021), as
contrast agents in optical imaging, photoacoustic imaging, fluores-
cence imaging, computerized tomography and magnetic resonance
imaging (Dheyab et al., 2022) and in cancer treatment mainly research
on its anticancer activities conducted on cultured cell lines (Zhang
et al., 2019, Li et al., 2021).

Cervical cancer disease is categorized as the fourth most commonly
diagnosed cancer and the fourth major source of mortality in women
due to cancer (Bray et al., 2018). In 2018, approximately 570000 cases
and 311000 deaths from cervical cancer disease were estimated (Arbyn
et al., 2020). Various treatment strategies such as chemotherapy, radio-
therapy, and surgery have been employed for the treatment of cervix
cancer. Chemotherapeutic therapy for cervical cancer reveals drug
resistance-mediated side effects and poor diagnoses (Ordikhani et al.,
2016) because the drugs are not targeted mainly at the cancer cells
(Bromma and Chithrani 2020). NPs can surmount these constraints
and substitute the advanced anticancer drugs. Currently, an active area
of research is focused on the application of nanotechnology as a tar-
geted delivery to cancer cells as a way to overcome drug resistance
and to improve the efficacy of chemotherapeutic drugs (Xu et al.,
2015). Furthermore, NPs with anticancer activity are safer compared
to the currently available chemotherapeutic modalities.

In this context, gold nanoparticles (AuNPs) display exceptional
conductivity, size-dependent properties, optical properties, less-
toxicity, simplicity and high variations of functionalization (Ali
et al., 2019). In the localized surface plasmon resonance (LSPR) wave-
length region, AuNPs exhibit higher light absorption and scattering
properties that strongly dependent on the size of the individual AuNPs
and on their aggregation condition (Jain et al., 2006, Amendola et al.,
2017). Color changes of AulNPs are extensively utilized as a sensing
platform for chemical and biological targets (Upadhyayula 2012,
Chansuvarn et al., 2015, Verma et al., 2015). An increase in the size
or aggregation of AuNPs leads to a color change from burgundy to
blue/purple. AuNPs conjugated with proteins via either covalent bonds
or physical interactions offer a broad array of biomedical applications
that include diagnosis, bio-imaging, conventional treatment interven-
tions (Liu et al., 2019), and targeted drug delivery (Huo et al., 2012,
Wahab et al., 2013).

Cancer nanotechnology is a versatile subject with extensive poten-
tial applications in cancer treatment, comprising molecular imaging
and diagnosis, targeted treatment, and bioinformatics (Cai et al.,
2008). AuNPs functionalized anticancer drugs such as doxorubicin
(Baneshi et al., 2019) and cetuximab (Leve et al., 2019) have displayed
advanced cellular uptake, efficacy, and destruction of breast and colon
cancer cells. In recent times, AuNPs have garnered immense attention
because of their considerable anticancer activities (Balasubramani
et al., 2015, Daduang et al., 2015, Rajeshkumar 2016, Bhamidipati
and Fabris 2017, Farooq et al., 2018, Patil et al., 2018, Patil et al.,
2019, Qian et al., 2019, Sunderam et al., 2019, Wang et al., 2019,
Zhang et al., 2019, Kalaivani et al., 2020, Vairavel et al., 2020, Al-
Radadi 2021, Botteon et al., 2021, Shunmugam et al., 2021). AuNPs
have shown anticancer effect against renal cell carcinoma (A498)
(Liu et al., 2019), lung (A549) (Zhang et al., 2019), breast (MCF-7)
(Sunderam et al., 2019), and cervix (HeLa) (Farooq et al., 2018,
Patil et al., 2019, Qian et al., 2019) cancer cell lines. In addition,
AuNPs are used to improve the uptake and effect of anticancer agents.
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This study utilized pulsed laser ablation to synthesize AuNPs in an
ionic solution resembling blood plasma. This green approach is a single
step, rapid, cost-effective, and amenable to the functionalization of the
synthesized AulNPs. In-situ and ex-situ self-assembly of AuNPs conju-
gated to bovine serum albumin (BSA) in simulated body fluid (SBF)
that reduces aqueous Au ions was confirmed. Afterward, the bioactive
elements of recombinant BSA in SBF for biosynthesis were identified,
and the reaction mechanism underlying NPs biosynthesis was eluci-
dated. The effect of salt concentration of SBF on BSA stability as well
as the interaction of BSA conjugated AuNPs to form complexes was
further studied using molecular dynamic simulations. Lastly, the cyto-
toxic effect of the synthesized AuNPs against human cervical cancer
cells (HeLa) in vitro was also investigated.

2. Materials and methods

2.1. Preparation of simulated body fluid (SBF)

Using Kokubo’s formulation, the SBF was prepared through
the dissolution of reagent-grade mixtures of CaCl,, Ko;HPOy4-
'3H20, KC], NaCl, MgClezo, NaHCO3, and Na2$O4 in dis-
tilled water and buffering at pH 7.25 with tris-hydroxymethyl
aminomethane (THAM) and 1 N hydrochloric acid (HCI) at
37 °C.

2.2. Preparation of gold nanoparticles (AuNPs)

The pulsed laser ablation (PLA) technique was used to synthe-
size AuNPs in SBF on a gold plate (purity 99.99 %) as shown
in Fig. 1. Nd:YAG pulsed laser was utilized as the light source
with a fundamental wavelength of 1064 nm, 650 mJ per pulse,
a spot size of 3 mm?>, a repetition rate of 5 Hz, and six pulse
duration. The laser was centered using a focusing lens with a
focal length of 100 mm on an Au plate and was placed at
the bottom of a 10 mL quartz vessel filled with 3 mL of
SBF. PLA in SBF was conducted for 8§ min at a repetition rate
of 5 Hz. BSA (98 % lyophilized powder, MW = 66,430 Da)

Laser Source ——p
1064 nm

Nd:YAG Laser

Laser Beam ——p

Focusing Lens ——p

Glass Container —p

| 4——— Distilled Water + SBF/+BSA
Gold Plate

Gold Nanoparticles

Fig. 1 Schematic diagram of the preparation of AuNPs using
pulsed laser ablation system.

was procured from Nacalai Tesque (Kyoto, Japan). The mass
of the synthesized AuNPs were measured using Semi-
micro analytical balance GR-200 (A&D Company Itd, Japan).
This was done to determine the final concentration of the syn-
thesized AuNPs in the solution by measuring the difference in
gold plate mass before and after the ablation has taken place.

2.3. Conjugation of bovine serum albumin (BSA)

A fresh solution of BSA stock was prepared for each experi-
ment or stored at —2 °C otherwise to decrease the aggregation
of protein and sedimentation. The BSA concentration was set
at 375 uM for both ex-situ and in-situ bioconjugations. In the
ex-situ experimental setup, the BSA was added to the SBF
solution after the ablation process (after the AuNPs has been
synthesized) to determine the effect of ex-situ BSA bioconju-
gate on the dispersion and size of synthesized NPs. On the
other hand, for the in-situ experimental setup, the laser abla-
tion on the gold plate was performed in the solution containing
both SBF and BSA.

2.4. Spectral analysis

The spectral absorbance data (200-880 nm) of the AuNPs
solutions were obtained under ambient conditions (25 °C)
using a modular UV-vis Jaz Spectrometer (Ocean Optics,
Largo, FL, USA).

2.5. Transmission electron microscopy (TEM)

Microscopic images of the samples were obtained using trans-
mission electron microscopy (TEM, FEI CM 12, Hillsboro,
OR, USA) operated at 120 kV and high-resolution TEM
(HRTEM) at 200 kV with a field emission electron microscope
(TECNAI G2 20 S-TWIN, FEI). To determine the concentra-
tion of AuNPs, it was essential to measure the weight of the
gold target separately both before and following each radia-
tion phase for each sample.

2.6. Anticancer activity

2.6.1. Cell culture

L929 and HeLa cells were acquired from ATCC (Manassas,
VA, USA). Minimum Essential Medium (MEM) and Dul-
becco’s Modified Eagle Medium (DMEM) supplemented with
10 % of heat-inactivated fetal bovine serum (FBS) together
with 1 % sodium pyruvate and penicillin—streptomycin were
utilized. MEM and DMEM were used to culture 1929 cells
and HeLa cells, respectively, at 37 °C in a humidified atmo-
sphere incubator with 5 % CO,.

2.6.2. Cell viability assay

MTT assays were utilized to determine cell viability using the
HeLa cell line. The freshly prepared MTT reagent using 5 mg
of sterile phosphate-buffered saline (PBS) was filtered through
a 0.2-um syringe filter and afterward subjected to dilution in a
fresh culture medium to achieve a final concentration of
500 pg/mL. The aged culture medium was aspirated cautiously
through a vacuum pump. 200 pL of culture medium contain-
ing MTT reagent was then added to the sample before being
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subjected to incubation for 3-5 h. After the incubation, the
supernatant was aspirated, and the water-insoluble Formosan
salt was solubilized in 200 pL of dimethyl sulfoxide (DMSO) in
each well. Following 10 min of incubation at 37 °C, a micro-
plate reader (Thermolab Systems 354, Helsinki, Finland) was
used to measure the optical density (OD) at a primary wave-
length of 570 nm and a reference wavelength of 650 nm. The
cell viability at each concentration was calculated as a percent-
age using the underlying equation (Eq. (1)):

Sampleabssqon, — Sampleabsssonm
Controlabssyg,,, — Controlabsssoum

x 100% (1)

Cellviability(%) = (

A control was prepared devoid of AuNPs treatment, and
50 % of cell inhibition at a specific concentration of AuNPs
was expressed as ICsy. Different concentrations of the samples
being tested were utilized for the estimation of ICs, values.
After plotting a curve of cell viability against the sample con-
centrations based on prior studies (Tabana et al., 2016), ICs,
was calculated.

2.7. Apoptosis assay

Apoptosis initiated by PSLE was studied using the Annexin V
labeling BD Annexin-V-FITC Assay Kit (BD, Franklin Lakes,
NJ, USA). The BDFac Canto II Flow Cytometer and BD Fac-
Diva were utilized for data acquisition and analyses, respec-
tively. The treated cells were washed two times with PBS. A
total of 5,105 cells were amassed via centrifugation at
1500 rpm and 24 °C for a duration of 5 min. Cells were then
stained with 5 pL of annex in-V conjugated with fluorescein
isothiocyanate (FITC) and 5 pL of propidium iodide (PI) in
the dark under ambient conditions for 15 min. Cells were ana-
lyzed by flow cytometry-based on FITC and PI fluorescence
intensity. Untreated cells served as the negative control. A
minimum of 10,000 events were collected for each sample.

2.8. Molecular modelling workflow

2.8.1. Structural preparation of Au(111)BSA complexes

The crystal structure of bovine serum albumin (BSA) (PDB
code: 4F5S) was downloaded from the RCSB PDB (Berman
et al., 2000). The protein was then prepared for MD simula-
tions using the Molecular Operating Environment (MOE
2019) software (Bujacz 2012). At the beginning of this prepara-
tion step, all missing heavy atoms in the initial BSA structure
were included, all hydrogen atoms were added according to the
proper protonation states of all ionizable residues and valences
at the physiological pH (pH = 7). Finally, the heavy atom dis-
placement was minimized to a maximum of 0.5 Angstrom. The
prepared PDB file was then saved from MOE for the subse-
quent phases of the computational workflow, which involved
MD simulations.

With respect to the preparation of the Au-BSA complexes,
the PropPDB utility program as implemented in the
CPPTRAI utility of AMBERTools (Roe and Cheatham III
2013) was used to build a 140x120x10 rectangular slab of Au
(111). Ten varying orientations of the BSA protein structure
were placed over the Au(l11) slab using UCSF Chimera soft-
ware [ref]. Accordingly, each Au-BSA complex was inserted in
a box of explicit TIP3P water molecules and was neutralized

with counterions. To also study the effect of increasing salt
concentrations on the stability of BSA adsorption to the Au
(11 1)surface, 10 additional Au-BSA complexes were prepared
with adequate Na™ (~469) and CI" (~455) ions to attain a con-
centration of 150 mM. The AMBER-{f19SB (Tian et al., 2019)
forcefield and the interface V1.5 forcefield (Heinz et al., 2013)
were utilized for the protein component and Au(111), respec-
tively. For the two negative control simulations of each salt
concentration, the same crystal configuration of BSA utilized
in the Au-BSA complexes was simulated under similar settings
but without the presence of the Au(11 1) slab in the simulation
box.

2.8.2. Molecular dynamics simulation protocol

For each system, the MD simulation protocol was imple-
mented using the following steps; each system was initially
minimized into four successive stages. The first stage involved
the minimization of solvent atoms and ions for 5000 cycles of
steepest descent (SD) accompanied by further 5000 cycles of
conjugate gradient (CG) minimization with 100 kcal mol™!
restraints on protein-heavy atoms and Au(l111) atoms. Two
more cycles of minimization were conducted on each system
(5000 SD & 5000 CG minimizations) in the presence of
50 kcal mol™' and 5 kcal mol™! restraints on protein-heavy
atoms and Au(111) atoms. A final minimization step was car-
ried out for the same number of steps and minimization proto-
col with only 0.5 kcal mol™' restraints on Au(l111) atoms.
Following minimization, each system was heated for
100,000-time steps (1 fs) to reach 300 K in the canonical
NVT ensemble (i.e. constant number of particles, volume,
and temperature) with 5 kcal mol~! restraints on the protein-
heavy atoms and on the Au(111) atoms. Each system was then
subjected to an additional equilibration step in the NPT
ensemble (constant number of particles, pressure, and temper-
ature) for 10 ns and using an integration time step of 2 s in the
presence of 0.5 kcal mol™' restrains on Au(l11) atoms only.
Finally, a 100 ns (5 x 20 ns trajectories) production MD sim-
ulation stage was carried out for each system while implement-
ing a 0.5 kcal mol™! restraint on the Au(111) atoms. The
particle mesh Ewald (PME) (Darden et al., 1993) technique
was used to compute the long-range electrostatic interactions,
while the SHAKE algorithm was utilized to confine the mobil-
ity of hydrogen-containing bonds. The entire simulations were
conducted under periodic boundary conditions. The simula-
tions were performed using pmemd. CUDA, a GPU-enabled
executable (Pierce et al., 2012) in the AMBER20 suite
(Salomon-Ferrer et al., 2013).

2.8.3. Clustering and analysis of MD simulations

Clustering based on backbone RMSD was performed by
DBSCAN (Shao et al., 2007) using the cpptraj module of
AMBERToo0ls (Roe and Cheatham III 2013). For the entire
20 simulations of the Au-BSA complexes, frames of the last
50 ns of the 100 ns simulations were used after stripping ions
and water molecules from the trajectory. The distance cutoff
between points to distribute clusters, €, was set to 3.0 and
the centroid of the top-ranked clusters was used in a succeed-
ing interaction analysis. All secondary structure analysis, root-
mean-square deviations (RMSD), and atomic positional fluc-
tuations (RMSF) of the bound proteins were conducted by
means of the CPPTRAJ module (Roe and Cheatham III
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2013) of AMBERTools. Salt bridges analysis was finally car-
ried out using the salt bridge plugin of VMD software
(Humphrey et al., 1996).

2.9. Statistical analysis

The entire experiments were conducted in triplicates. One-way
analysis of variance (ANOVA) accompanied by Dunnett’s
tests was utilized to statistically analyze the results. Results
are presented as mean values of three independent experiments
(n = 3) and standard deviation (SD). The threshold for signif-
icance was a p-value of < 0.05.

3. Results and discussion

In general, when PLA is carried out in the water, a colloidal
solution of NPs that is unstable with a relatively broad size dis-
tribution is produced. The sizes of synthesized NPs are depen-
dent on the laser parameters that include wavelength and pulse
energy, type of liquid, and type of metal (Hedei et al., 2019,
Tan et al., 2019). Solutes (additives) can either modify the
physical and chemical properties of the liquid solution or inter-
face with the ablated material, physically and chemically. The
inclusion of solutes to the liquid, where PLA is carried out,
directly affects the cavitation bubble (Amendola and
Meneghetti 2013) and the confinement of the plasma plume
(Furusawa et al., 2004) as the solute influences viscosity, ten-
sion, and density of the solvent. Adding BSA to the SBF
increased the viscosity, thus extending the lifespan of the bub-
bles generated during PLA.

Partial oxidation results in the distribution of Au™, Au™*>
and metallic Au®. It is important to note that laser-generated
AuNPs act as electron acceptors. Zeta potential measurements
indicated that the entire laser-generated AuNPs in pure water
are negatively charged. Earlier studies showed that positively
charged Au surfaces are drawn to diverse species that include
H>0 molecules, oxygen, and CO, to form a pH-dependent
equilibrium of Au-OH/Au-O- and AueCO — 3 groups
(Sylvestre et al., 2004, Rehbock et al., 2014). These surface
charges generate a stable colloidal solution via an electrostatic
stabilization effect. Stabilizing agents avert the agglomeration
of particles through physically affixing to the NPs (i.e., cap-
ping), which have an effect on the charges and/or lead to steric
stabilization.

3.1. Absorption spectra

UV-vis absorption spectroscopy is an extensively utilized tech-
nique to investigate the optical properties of AuNPs and to
assess the interactions between NPs and proteins. These inter-
actions alter the absorption spectra of AuNPs, and the result-
ing changes can be used to elucidate binding properties.
Changes in the wavelength and bandwidth of the absorption
spectra of the NP-protein complex are dependent on the size,
clustering, and local dielectric environments of AuNPs. Precip-
itates of colloidal AuNPs from the SBF solution are formed at
a physiological pH. The UV-vis spectra displayed in the Fig. 2
(a) is also known as extinction spectra, where they are the
results from the combination between plasmon absorption
plus nanoparticle scattering. The blue line in Fig. 2(a) repre-
sents the synthesis of colloidal AulNPs for the sample prepared

at an intensity of 358.4 J/cm? in the SBF solution. There is a
strong indication from the obtained spectra as a function of
time that there is an aggregation of particles in the early phases
of precipitation after preparation, denoted by the broadening
of the plasmon band. The spectra were obtained after equili-
bration for a duration of 10 min. For a faster visualization,
the time-dependent spectra were acquired for BSA at high con-
centration and ionic strength. From the TEM images shown in
Fig. 2(e — h), the best separation of the AuNPs with narrow
size nanoparticles occurs when the AuNPs were synthesized
using laser ablation in the SBF + BSA solution (shown in
Fig. 2 (e)) where the addition of the BSA successfully assist
in preventing particles from aggregation. The protein corona
was discovered to regulate nanoparticles interaction with the
surroundings (Roy et al., 2019), and subsequently enhanced
the stability of the colloidal AuNPs by preventing their aggre-
gation in the saline solutions (Abdulateef et al., 2017). This
phenomenon is displayed in Fig. 2(f). In ex-situ bio-
conjugation, the BSA was added to the colloidal AuNPs (with
SBF) after the ablation process took place. As a result, the for-
mation of chain-like cluster of AuNPs can be observed as
shown in Fig. 2(g). Hence, in the production of stable AuNPs,
it is primarily important to immediately minimise the aggrega-
tion of the NPs after the ablation process in producing stable
AuNPs. With the absence of the BSA, the aggregation of the
AuNPs happen drastically and formed a larger cluster of par-
ticles as shown in Fig. 2(h).

The high ionic strength of BSA is shown to be a key factor
that initiates precipitation and agglomeration during ablation
time and on a shorter time after the process. The redshift of
the plasmon peak can be attributed to plasmon coupling
within aggregates of AuNPs. This red-shift band dissipates
as the aggregates are precipitated out of the solution. An
increase in agglomeration, sedimentation, and crystallization
of larger particles is denoted by a transparent pale purple
color.

Absorption spectra were obtained for the ex-situ AuNPs
and BSA after laser ablation, the inclusion of BSA at the phys-
iological concentration (375 uM) and following the adsorption
of AuNPs on BSA. Plasmon coupling with aggregates of
AuNPs causes a decrease in the LSPR absorption spectrum,
broadens the plasmon band, and initiates a redshift in the
LSPR peak. SBF with a medically applicable pH and ionic
strength was utilized to elucidate the fundamental mechanism
of AuNPs precipitation during the laser ablation process. The
PLA process with an ionic strength comparable to that of
water leads to dissociation into cations and ions, with the ions
binding to the AuNPs’ surface. As a result, the neutralization
of the surface charge and initiation of the instant and unalter-
able agglomeration of AuNPs into a large structure (observed
as a precipitate). Hence, the aggregation and precipitation
AuNPs is dependent on the ionic strength of SBF. Therefore,
it is crucial to stabilize the early aggregates and constrain the
clustering of AuNPs in order to control the aggregate size
and prevent precipitation of AuNPs. The transparent lavender
color of the sample (Fig. 2) denotes significant aggregation or
larger AuNPs and high stability in the harsh SBF medium in
the presence of BSA.

UV-vis spectra were acquired for the colloidal dispersion of
in-situ AuNPs and BSA system. These spectra were measured
1 hr after the pulse laser ablation of BSA-conjugated AuNPs in
SBF. Fig. 2 (red line) shows the significance of the absorption
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Fig. 2  UV-vis spectra of the colloidal dispersion containing particles synthesized by means of laser ablation of an Au target in-situ (red
line) and ex-situ (green line) at a laser fluence of 358.4 J/cm?. Blue curve is the absorbance spectrum of AuNPs and SBF. Inset figure shows
the images of: (b) in-situ AuNPs + SBF + BSA, (c) ex-situ AuNPs + SBF + BSA, and (d) AuNPs + SBF. Transmission electron

microscope images of (e) in situ AuNPs + SBF + BSA, (f) BSA proteins adsorb to AulNPs synthesized by laser ablation in SBF In- situ
(g) ex-situ AuNPs + SBF + BSA, and (h) AuNPs + SBF.

peak at 529 nm, which was related to the LSPR of the AuNPs. insignificant aggregation and intensive stability in the harsh
In this figure, the transparent deep pink color of the sample SBF medium in the presence of BSA. In both cases (i.e. ex-
indicates a stable sample which can be attributed to the situ and in-situ) the conjugation of BSA to AuNPs is depen-
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dent on the ionic strength of SBF, since the presence of salt
increases binding affinity due to an overall increase in the
hydrophobicity of AuNPs (Dominguez-Medina et al., 2013,
Abdulateef et al., 2017).

3.2. Stability of AuNPs

The stability of AuNPs is a significant feature for biomedical
applications. Following preparation of the suspension, UV—
vis spectra were obtained for AuNPs conjugated to BSA in
SBF at a laser fluence of 358.4 J/cm? after 1, 2, 3, and 4 weeks
of incubation at —2 °C, as plotted in Fig. 3. The LSPR band of
AuNPs is dependent on the surrounding medium, inter-
particle distance, and morphology and size of NPs. An
increase in the size, aggregation, or agglomeration of NPs is
indicated by a red shift in absorbance, which is denoted by
the blue color of the solution, a phenomenon referred to as
Ostwald ripening effect. Interestingly, between all-time points,
there is no considerable variation in the spectra, and the max-
imum absorption wavelength (/,,,,) remains constant (529 nm)
(Irfan et al., 2020). This result confirmed the long-term stabil-
ity of AuNPs in SBF. In order to have a better view on the
potential spectral aging of the AuNPs, the relationship
between absorbance at 529 nm across the 4 weeks of spectro-
scopic measurement of the sample was also plotted in the same
figure. From the graph, it shows that the peak spectrum only
fluctuates between 1.169 (week 0) and 1.108 (week 4) absor-
bance value, indicating a good stability of the synthesized
AuNPs.

3.3. High-resolution transmission electron microscopy (HR-
TEM)

To study the effect of the media surrounding during PLA on
the properties of AuNPs, a series of colloids were prepared
at the basic laser wavelength and laser fluence of 3583.4 J/
cm?. The crystal structure of in-situ AuNPs conjugated with
BSA in SBF at a laser fluence of 358.4 J/cm? obtained using
HR-TEM images is presented in Fig. 4. The morphology of
AuNPs is displayed in Fig. 4(a). The AuNPs are sphere-
shaped or spherical-like and distinct. As shown.

in Fig. 4(b), the mean diameter of AuNPs was approxi-
mately 8 nm, with a narrow size range and a standard devia-

tion of 1.44. The HR-TEM images show the fringe spacing
and crystallographic planes of single nanoparticles (measured
d-spacing of 0.235 nm) of AuNPs, as depicted by Fig. 4(c).

The selected area electron diffraction (SAED) pattern of a
distinctive AuNPs characterized with (111), (200), (220),
and (311) peaks is displayed in Fig. 4(d). The SAED pattern
reveals the presence of a cubic Au phase (PDF#04-0784) with
a lattice parameter of 0.39 nm. SBF contains high concentra-
tions of NaCl electrolyte that dissociates when added to water
into Na™ and CI', with CI interacting with AuNPs. Since 3.3—
6.6 % of the surface atoms that exist on laser-generated parti-
cles are oxidized to Au-O (Yamada et al., 2007), the increase in
surface charge partly stems from the interfacing of the surface
OH groups with Cl surface groups, which neutralizes the sur-
face charge, and stimulates an immediate and permanent
agglomeration of AulNPs into large structures of dark gray
precipitates. However, it is crucial to stabilize early aggregates
and constrain the agglomeration of AuNPs to control their
aggregate size and avoid the formation of AulNPs precipitates.
Hence, BSA was directly incorporated into AuNPs following
the PLA process. BSA is capable of adsorbing onto AuNPs,
as observed in a previous study (Tsai et al., 2011).

3.4. Dynamic light scattering (DLS)

The DLS results are represented in intensity-weighted size dis-
tribution. The important parameter obtained from DLS is the
z-average particle size (Dz). In DLS, the scattered light inten-
sity of a particle increases as the particle size increases. In the
ex situ analysis, during pulse laser ablation in SBF, the high
ionic strength resulted in the formation of a salt bridge
between AuNPs to yield cluster of AuNPs. After ablation
and the direct addition of BSA, AuNPs exhibited adsorption
of BSA and effectively stopped agglomeration and sedimenta-
tion of the AuNps. The DLS results for AuNps conjugated to
BSA in SBF. In the ex situ analysis, the z-average size Dz was
980 nm and the polydispersity (PDI) was 0.865. In the in-situ
analysis, Dz was 145 nm and PDI was 0.321. The DLS results
for ex situ and in situ analysis are shown in Fig. 5.
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;r 1.0 1 3rd week
= 0.8 1 2.0
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Fig. 3 UV-vis spectra measured after 1, 2, 3, and 4 weeks for the AuNPs conjugated to BSA in SBF at laser fluence of 358.4 J/cm?.
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Fig.4 TEM and HR-TEM of in-situ AuNPs conjugated with BSA in SBF at a laser fluence of 358.4 J/cm?: (a) morphology, (b) particles
size distribution, (c) fringe spacing of 0.23 nm, and (d) SAED pattern indicating face-centered cubic crystal structure corresponding to the
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Fig. 5 Colloidal AuNPs distribution according to DLS for (a) ex-situ and (b) in-situ AuNPs conjugated to BSA in SBF.
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Fig. 6 Dose-dependent cytotoxicity of the AuNPs conjugated BSA in SBF on HeLa cell line: (a) morphology of HeLa cells with and
without AuNPs treatment at a magnification of 20x and (b) ICsq value of the AuNPs conjugated BSA in SBF on HeLa cell line.

3.5. Cytotoxicity of BSA-conjugated AuNPs in SBF

Cytotoxic effects of synthesized AuNPs conjugated to BSA in
SBF were investigated for HeLa cancer cells based on cell via-
bility using MTT assay. Dose-dependent cytotoxicity
(02%x107° 05%x 107, 1.0 x 10™%, 2.1 x 107°, and 4.2 x 107°
M) of AuNPs-treated HeLa cells are presented in Fig. 6. The
medium comprising only SBF and BSA was used as negative
control (untreated sample). Fig. 6(a) shows that the cytotoxic
effect on HeLa cells increases with decreasing concentration
of AuNPs. The cell viability of 84 % and 33 % was achieved
at concentrations of 4.2 x 10™® and 0.2 x 107, respectively.
As shown in Fig. 6(b), the ICsy was determined to be
0.6 x 107 M. The charged BSA may adsorb to the surface
of AuNPs, and this adsorption or adhesion has been quantita-
tively analyzed for BSA in a prior report (Sagvolden 1999).
The properties of BSA influence the uptake by tissues via
molecule binding to surface-bound ligands (Torchilin 2011).
The proteins are usually dormant and have a lengthy circula-
tion duration in vivo. Nonetheless, a minor stimulus, such as
a slight modification in pH, can cause a variation between
the “sticky and stealthy” phenotype (Li et al., 2010, Pelaz
et al., 2017). The results imply that AuNPs conjugated to

BSA in SBF might be valuable nano-carrier for the slow
release of anticancer drugs. This study is at the forefront of
evaluating the cytotoxic effect of AuNPs conjugated to recom-
binant BSA on cancer cells.

Although high concentrations of nanostructures have been
utilized for toxicity studies, which are usually inappropriate for
humans, AuNPs can be employed at a low concentration to
control cell growth and proliferation with negligible adverse
health effects (Hussain and Schlager 2009).

The cytotoxicity of AuNPs conjugated BSA in SBF was
also examined on the L929 cell line (normal cells) with the
aim of testing cell viability using the MTT assay. Dose-
dependent cytotoxicity (0.2 x 107%, 0.5x 107°, 1.0 x 107,
2.1x107% and 42 x10°® M) was also tested on AuNPs-
treated 1929 cells. The SBF + BSA medium was used as the
negative control (untreated sample). Fig. 7(a) presents the
cytotoxicity assay result for AuNPs conjugated with BSA in
SBF at laser fluence 358.4 J/em? on L929 cells. Evidently,
the AuNPs did not exhibit a significant cytotoxic effect on
L929 cells. The cell viability results at concentrations of
0.2x 107 Mand 4.2 x 10°° M was 107 % and 116 %, respec-
tively. It can be inferred that the treatment was not cytotoxic
to normal cells at the concentrations used. Fig. 7 shows that
the treatment with synthesized AulNPs does not induce a con-
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Fig. 7 Dose-dependent cytotoxicity of the AuNPs conjugated BSA in SBF on L929 cell line: (a) morphology of L292 cells with and
without AuNPs treatment and (b) effect of the concentration of the synthesized AuNPs on the viability of L929 cells.

siderable alteration in the morphology of 1.929 cells. It can be
deduced that the synthesized AuNPs have a cytotoxic effect
only on cancer cells. Some cancer cells contain protein,
referred to as Epidermal Growth Factor Receptor (EFGR),
over their surface, while the non-cancerous cells normally do
not have a strong protein expression (Voldborg et al., 1997,
Nicholson et al., 2001). The AuNPs interact with receptor
molecules in the surface membrane of the cancer cell surface,
resulting in delineation between cancer and normal cells.

3.6. Recognition of apoptosis

Apoptosis or also known as process in programmed cell death
contributes in regulating the number of cells’ developmental
and physiological conditions by removing damaged cells.
The increased in expression of mitochondrial apoptosis related
proteins and loss of the mitochondrial membrane leading to
stimulation of caspases responsible in controlling the death
of cancer cells (Hu and Kavanagh, 2003; Ahmadian et al,
2017).

Apoptosis was investigated using flow cytometry to explore
the effects of the synthesized AuNPs on HelLa cells. The
SBF + BSA medium was used as the negative control (un-
treated sample). The samples were stained with FITC Annexin

V and PI to differentiate between viable cell populations, early
apoptosis, and late apoptosis/necrosis. For untreated cells,
57 % and 3.62 % exhibited early and late apoptosis, respec-
tively, signifying an overall apoptosis rate of 60.8 %. On the
other hand, the treated cells exhibited early and late apoptosis
rates of 78.8 % and 4.9 %, respectively, with an overall apop-
tosis rate of 82.7 % (p < 0.01), as shown in Fig. 8. The toxicity
of AuNPs is dependent on a range of physicochemical proper-
ties that include.

the chemical composition, crystal structure, shape, and size
of the surface coating of AuNPs. The endocytic uptake of cells
can affect the cytotoxicity of AuNPs. The Annexin V expres-
sion for AuNPs conjugated with BSA in SBF for 2 days on
HeLa cells is shown in Fig. 8(a). FITC-A (horizontal) and
PI-A (vertical) reveal Annexin V and PI stains intensity,
respectively. The Q1, Q2, Q3, and Q4 parameters, denoting
dead cells/debris, late apoptotic cells, live cells, and early apop-
totic cells, respectively, and cell distribution (%) based on
Annexin V/PI staining are presented in Fig. 8. The percentage
of apoptotic cells was evaluated using flow cytometry. Data
consists of representatives of three independent replicates, with
the values indicating the mean of triplicate estimates. A signif-
icant difference was noted between the treated and untreated
cells concerning overall apoptosis (p < 0.05).
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Fig. 8 (a) Annexin V expression for AuNPs conjugated with BSA in SBF for 48 h on HeLa cells: FITC-A (horizontal) and PI-A

(vertical) showed Annexin V and PI stains intensity respectively, Q1: dead cells/debris, Q2: late apoptotic cells, Q3: live cells, and Q4: early
apoptotic cells and (b) cell distribution (%) based on Annexin V/PI staining.

Fig. 9 3D model of Bovine serum albumin used in the
construction of the simulated systems.

3.7. Computational details

The molecular dynamic simulation was utilized to investigate
the nature of AuNPs conjugated with BSA (Au-BSA com-
plexes) and the effect of salt concentration on the stability of
those complexes. A model of a slab of Au was utilized to con-
struct the Au-BSA simulated systems. BSA model (Fig. 9) was
placed in ten diverse preliminary positions relative to the Au
slab (Fig. 10) with the aim of exploring most of the conforma-
tional space of the bound complexes. Each of the ten systems
was simulated at both high and low salt concentrations, result-

ing in a total of 20 Au-BSA systems with equal spacing
between BSA and Au slab. In addition, two negative control
simulations comprising only the BSA were performed at both
high and low salt concentrations in the absence of the Au slab.
The 22 systems were solvated with water, after which salt was
added to each set of replicates to achieve the preferred concen-
tration. All modelled systems were constructed in a way that
mimics the experimental settings and all simulations were
run for 100 ns. Overall, a spontaneous Au complexation took
place early on suring the simulation to reproduce the experi-
mental outcomes for all 20 Au-BSA systems. After the initial
interface, a stable Au-BSA complex was formed, where BSA
sustained adsorption on Au surface without disassociation
for the remainder of the 100 ns simulation in all 20 systems.

To explore the impact of salt concentration on the stability
of the formed Au-BSA complexes, the stability of the higher-
order structure of BSA was studied. Backbone RMSD of
BSA relative to the initial structure was calculated for all sys-
tems, including the two -ve control simulations lacking the Au
slab, for each set of salt concentration replicates, as shown in
Fig. 11.

The average backbone RMSD values for the two AuNP-
free simulations were 1.79 A and 1.85 A for low and high salt
concentration simulations, respectively (Figure SI1). This sug-
gests that salt concentration has a negligible effect on the sta-
bility of BSA in the absence of AuNPs. These findings
correlates with a set of reported experimental studies, which
explored the effect of salt concentration on the protein integ-
rity (Mao et al., 2007, Sinha and Khare 2014). These studies
demonstrates the dependence of protein integrity on the
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Fig. 10  Ten initial orientations of BSA (cyan) in Au solution. Amino acid residue Aspl in BSA is colored in red to highlight the different
initial orientations of the replicates. Au slab is represented in yellow beads. Solvent and components are omitted for clarity.
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amount of ionizable residues within the protein that are water-
exposed (Mao et al., 2007). In addition, higher salt concentra-
tions can structurally stabilize halophilic proteins by initiating
an acidic-residue-rich water exposed surface (Sinha and Khare
2014). Therefore, the observed non-effect of salt concentration
on backbone RMSD for the free BSA simulations is possibly
due to the nature of its water exposed surface, with a surface
residue distribution that is possibly less susceptible to the effect
of salt.

Conversely, for the Au-BSA complexes, almost all higher
salt concentration replicates appear to display relatively lesser
RMSDs throughout the simulations in contrast to their lower
concentration counterparts. At a high salt concentration, the
average backbone RMSD values for the 1st, 2nd, 3rd, 4th,
Sth, 6th, 7th, 8th, 9th, and 10th orientations, were 2.69 A,

194 A, 2.13 A, 2.03 A, 1.75 A, 2.66 A, 2.04 A, 3.01 A,
2.72 A and 2.30 A, respectively. On the other hand, their
corrsponding average backbone RMSD values at a low salt
concentration were 2.35 A, 2.32 A, 2.49 A, 2.50 A, 2.21 A,
2.89 A, 3.06 A, 2.96 A, 3.74 A, and 2.27 A, respectively. These
results suggest that that increasing the salt concentration in a
test solution serves an important role in the stabilization of
the formed complexes. The atomic positional fluctuations were
also calculated for each amino acid residue of BSA in all sys-
tems (Figure SI2), which further supported the significant
effect of Au-BSA complexes on the normal dynamics of
BSA. Nonetheless, this effect was more apparent in the higher
salt concentration set. The RMSD analysis indicated that Au-
BSA complex produced from the 5th BSA orientation was the
relatively most stable complex in both low and high salt con-
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Table 1 Au-BSA interface surface area calculated for the centroids of the top cluster from clustering MD simulations.

Au-BSA complex number

Au-BSA interface surface area (Low salt conc.) A?

Au-BSA interface surface area (High salt conc.) A?

Au-BSA Complex #1 1970 2077
Au-BSA Complex #2 1962 1829
Au-BSA Complex #3 2161 2256
Au-BSA Complex #4 2120 2461
Au-BSA Complex #5 3254 3193
Au-BSA Complex #6 2432 2707
Au-BSA Complex #7 1800 1828
Au-BSA Complex #8 2612 2402
Au-BSA Complex #9 1927 2129
Au-BSA Complex #10 3101 2844
) -
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Fig. 12 BSA residues involved in the interactions with the gold surface at the adsorption interface of replicate #5. Residues Lys, Thr,
Gln, Cys, Asn, and His are represented in pink, orange, green, magenta, grey, and cyan sticks respectively. The rest of BSA is in

transparent cyan ribbon and the gold particles in yellow spheres.

centrations, with the lowest backbone RMSD being 1.75 A
and 221 A for the high and low concentration sets,
respectively.

Clustering analysis was also performed on the last 50 ns
from the 20 complex simulations to study the centroids of
the top-ranked clusters of each simulation (Table SI1). The
BSA surface area buried in the BSA-Au interaction interface
was calculated for each simulation centroid (Table 1). The
BSA interface surface area values indicate that BSA in the
complex from the 5th orientation maintained a slightly larger
contact surface area the gold slab, with an interaction interface
surface area of 3254 A% and 3193 A2 for the low and high con-
centration simulations, respectively. This correlates very well
with the increased stability of this particular complex. In addi-
tion, calculating the number of stable salt bridges that formed
within BSA throughout the MD simulations of the 5th com-
plex in both salt concentration models confirms the stability
of the structural integrity of BSA in these simulations. In total,
137 salt bridges were observed throughout the simulation of
the 5th complex at the low salt concentration solution, whereas
145 interactions were observed throughout the higher salt con-

centration simulation. Again, this supports our hypothesis that
the stability of the complex increases in a higher salt concen-
tration solution.

To study protein-Au binding interactions between BSA and
the surface of AuNPs at the interface of complex #5, ten snap-
shots evenly spaced during the last 50 ns of the 100 ns simula-
tion were further analyzed. Among all BSA residues, the
electrostatic interactions mediated by the amino acid residues
lysine was largely the dominant, followed by threonine,
cystine, glutamine, asparagine, and histidine, successively, as
shown in Fig. 12. Earlier reports have analyzed the interac-
tions between protein stabilizers and noble metal nanoparticles
(Wang et al., 2016, Buglak and Kononov 2020). For instance,
Wang A et al. investigated the impact of pH on the electro-
static interactions and reported that basic residues control
the binding affinity of proteins to Au surface (Wang et al.,
2016). A more current study proposed that the protonation
state of amino acid residues on the exposed surface of a protein
does not significantly influence their binding affinity to the sur-
face of AuNPs (Buglak and Kononov 2020).
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4. Conclusion

This study successfully synthesized colloidal AuNPs of different sizes
and narrow size distribution using pulsed laser ablation (Nd:YAG).
In-situ and ex-situ AuNPs were conjugated with bovine serum albumin
(BSA) in simulated body fluid (SBF). The synthesized AulNPs showed
biocompatibility on L929 cells, but dose-dependent inhibition of cell
viability on HeLa cells. Furthermore, wide-ranging molecular dynamic
simulations infer that higher salt concentration in SBF solution
advances the stability of the resulting AuNPs conjugated with BSA.
The MD simulations showed that increased stability of Au-BSA com-
plexes with higher salt concentration promotes the synthesis of
nanoparticles with consistent size and shape, and is important for
use in a variety of biomedical applications. Despite the increasing
attention given to protein-stabilized noble metal NPs, little is under-
stood regarding their interaction with the stabilizer protein at a molec-
ular level. Computational methods are appropriate for elucidating
these interactions in terms of types and preferred regions of protein
for binding. Elucidating protein-Au binding will contribute to improv-
ing the effectiveness of experimental methods intended for developing
protein-stabilized AuNPs. In general, the laser fragmentation process
developed in this research can be valuable as a resource to generate
AuNPs via a green synthesis procedure. The AuNPs could be suitable
for cancer treatments. Additionally, this technique is an economical
approach to the synthesis of AuNPs in a biological fluid that resembles
blood plasma.

For future research, we would like to suggest an enhancement of
the AuNPs study by including the experimental analysis on crystalline
structural, elemental composition and binding energy of the colloidal
AuNPs, particularly with different concentration of BSA and to
expand the study on anticancer activities towards different type of
cancerous cells for repeatability evaluation of AuNPs anticancer
properties.
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