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Abstract This paper explores the adhesion of biosynthe-
sized gold nanoparticles (AuNPs) and gold (Au) nano-
particle/prodigiosin (PG) drug nanoparticles to breast cancer
cells (MDA-MB-231 cells). The AuNPs were synthesized
in a record time (less than 30 s) from Nauclea latifolia leaf
extracts, while the PG was produced via bacterial synthesis
with Serratia marcescens sp. The size distributions and
shapes of the resulting AuNPs were characterized using
transmission electron microscopy (TEM), while the result-
ing hydrodynamic diameters and polydispersity indices
were studied using dynamic light scattering (DLS). Atomic
Force Microscopy (AFM) was used to study the adhesion
between the synthesized gold nanoparticles (AuNPs)/
LHRH-conjugated AuNPs and triple negative breast cancer
cells (MDA-MB-231 cells), as well as the adhesion between
LHRH-conjugated AuNP/PG drug and MDA-MB-231
breast cancer cells. The adhesion forces between LHRH-
conjugated AuNPs and breast cancer cells are shown to be
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five times greater than those between AuNPs and normal
breast cells. The increase in adhesion is shown to be due to
the over-expression of LHRH receptors on the surfaces of
MDA-MB-231 breast cancer cells, which was revealed by
confocal immuno-fluorescence microscopy. The implica-
tions of the results are then discussed for the selective and
specific targeting and treatment of triple negative breast
cancer.

1 Introduction

Significant efforts have been made to develop gold nano-
particles (AuNPs) and conjugated AuNPs/cancer drug
nanoparticles for the specific and selective targeting of
cancer [1-3]. In most cases, gold has been used due to its
photo-optical properties and biocompatibility [4]. AuNPs
have also been synthesized by chemical, physical and bio-
logical pathways [5—8].

Although most of the prior efforts to synthesize AuNPs
have used chemical synthesis [9] and physical synthesis
[10], there is growing interest in the biosynthesis of AuNPs
from plants [11-13], microbes [14] and fungi [15]. These
approaches have been used to produce AuNPs with differ-
ent sizes and shapes [16, 17]. Gold nanoparticles have also
been shown to interact with laser beams to induce heat for
hyperthermic cancer treatment [18], laser surgery [19] and
drug delivery [20].

In most cases, fungi [21], actinomycetes [22], and bac-
teria [23] have been used to synthesize metallic nano-
particles [24]. Some prior work [13, 22, 25, 26] has also
explored the use of parts of plants, or whole plants, in the
synthesis of AuNPs. Such plant-based synthesis, using plant
extracts, is relatively under-exploited. It could also be
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adapted in low-resource settings and developing countries
for the synthesis of metallic nanoparticles.

Furthermore, the plant-based synthesis of AuNPs has
been shown to be easier than the microbial-based synthesis
of AuNPs. This is because the process occurs relatively
quickly, and does involve the use of bioreactors, as in the
case of microbial synthesis [27]. The use of plant extract
method also is a technique that is relatively easy to scale up
[20, 28].

A number of plants have been used to synthesize AuNPs
[29-35]. They include: leaf extracts of Tamarind (Tamar-
indus indica) [31], Cinnamommum camphora [32], lem-
ongrass  (Cymbopogon  flexuosus) [28], geranium
(Pelargonium graveolens) [32], extract of Emblica offici-
nalis [33], Neem (Azadirachta indica) [34] and Aloe vera
[35]. All of these plant extracts have been shown to have the
potential to reduce Au®" ions to AuNPs.

In our recent work [27], AuNPs were synthesized from
Nauclea latifolia leaf extracts. The effects of pH on the
sizes and shapes of the AuNPs were also explored. The
AuNPs that were synthesized at pH values between 4.5 and
9.5 resulted in nanoparticles with sizes between 10 and 60
nm. Furthermore, extracts from the NL leaf were also
shown to have anticancer activity and/or therapeutic activity
[36-38]. These two-in-one effects suggest that the bio-
synthesis of AuNPs can be combined with the drugs to
produce nanoclusters that are conjugated to attach specifi-
cally to receptors on cancer cells [39] or diseased cells [40].
There is, therefore, a potential to develop such AuNPs for
the specific targeting and treatment of cancer.

Although, AuNPs are being considered for potential
applications in laser hyperthermia, significant efforts have
also been made to develop Au/cancer drug nanoparticles
that can be used for both laser hyperthermia and cancer drug
release [41, 42]. There is, therefore an interest in the
synthesis of Au/cancer drug nanoparticles that can be used
for both cancer drug release and laser hyperthermia. Hence,
in this paper we explore the synthesis of AuNPs/prodigiosin
cancer drug for the specific targeting and treatment of triple
negative breast cancer cells via localized drug delivery and
laser hyperthermia.

Furthermore, in an effort to understand the specific tar-
geting of the breast cancer cells, the adhesion of the nano-
particles was studied along with the shapes and sizes of
AuNPs/PG drug prepared under different pH conditions.
The latter were characterized using transmission electron
microscopy images and dynamic light scattering. The
adhesion of LHRH-conjugated gold nanoparticles is shown
to be much greater than that of AuNPs to normal breast
cancer cells. The increased adhesion of the LHRH-
conjugated AuNPs and/or PG cancer drug is attributed to
the increased incidence of LHRH receptors that are over-
expressed on the surfaces of breast cancer cells. The
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implications of the results are discussed for the specific/
selective targeting and the localized treatment of triple
negative breast cancer cells.

2 Theory

The adhesion measurement technique involves the use of
atomic force microscope (AFM) to measure adhesion forces
between nanoparticles coated on an AFM tip and breast
cancer cells at a nanoscale. Force microscopy method
involves bringing coated AFM tips close enough for
adhesive interactions to occur [Fig. la and b]. Due to the
presence of inherent Van der Waals forces present, the two
components jump into contact [Fig. 1b].

After contact, the tips get displaced further, as they
undergo elasticity in the same direction [43—45]. Upon their
retraction, the displacements are reversed, as the loads are
reduced to zero. However, because of the presence of
adhesion, the tips do not detach at zero load. The tips only
get retracted when the applied force applied is sufficient to
overcome the adhesion. When this happens, the pull-off of
the AFM tips occurs from the substrates.
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Fig. 1 a Ligand/receptor interactions. In the experimental setup,
ligands on the dip-coated AFM tip interact with surface receptors on
breast cancer cells (MDA-MB-231)/normal breast cells (MCF10A)
seeded on a Petri dish ([Adapted from Ref. [45]). b Schematic of
typical force—displacement plot with corresponding stages of force
displacement behavior. In one approach-retract cycle, the AFM tip
approaches the surface of the sample (a), jumps to contact with the
surface when significant van der Waals forces are felt (b), and
undergoes elastic bending and is retracted (c, d). Due to adhesive
interactions, the tip does not detach from the substrate until a force
sufficient to pull the tip off of the surface is achieved (e). (Adapted
from Ref. [43, 45])
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The resulting pull-off force represented as F, is a measure
of the adhesion between the nanoparticle/drug complex and
the breast cancer/normal breast cells. This is given by
Hooke’s law to be:

F=ké (1)

where k is the stiffness of the AFM cantilever and § is the
displacement of the AFM tip at the onset of pull-off. The
spring constants of the uncoated (bare) and coated AFM tips
is usually determined experimentally using the thermal tune
method [46]. Thermal tuning is done to obtain the actual
spring constants (k) that are subsequently used to calculate
the pull-off forces (adhesion forces) from the Hooke's
equation above. The k value is usually obtained at a tem-
perature of 22 °C and a steady relative humidity of 36-45%.
Usually, prior to each adhesion measurement, the photo-
detector sensitivity was calibrated using a stiff quartz
material.

It is important to note that measurements of pull-off
(adhesion forces) have been used to measure forces in
biological materials [47—-49]. These have been shown to be
sufficient to detect the differences between breast cancer
cells and normal breast cells in recent work by Meng et al.
2010 [44]. They have also been shown to reveal differences
between the adhesive and cohesive interactions in different
nanoclusters of gold nanoparticles in recent work by Oni
et al. 2014 [45].

However, although atomic force microscopy has been
used to measure the adhesive forces between the con-
stituents of nanoclusters, to the best of our knowledge, there
have been no prior measurements of the adhesion forces
between LHRH-conjugated gold nanoparticles and triple
negative breast cancer cells/normal breast cells. These will,
therefore, be measured in the current work, with the
objective of determining the robustness of gold nanoparticle
clusters for the specific targeting and treatment of cancer via
localized chemotherapy and hyperthermia.

3 Experimental procedures
3.1 Materials

The gold (IIT) chloride trihydrate, ACS reagent, 2 49.0% Au
basis, was purchased from Sigma-Aldrich, St. Louis, USA,
Lot number 127K1374. The other materials include: dis-
tilled water and mature leaves of Nauclea latifolia (obtained
from SHESTCO, Abuja, Nigeria). Phosphate buffer and
Acetate buffer for synthesis were obtained from Sigma-
Aldrich (St. Louis, MO, USA), and Thermo Fisher Scien-
tific, Inc. (Waltham, MA, USA), respectively. Cyclohexane
Mercaptan, 99% for conjugation work was purchased from

Acros Organics, Thermo Fisher Scientific (New Jersey,
USA).

The LHRH peptides that were used for the conjugation
and the immuno-fluorescence staining of LHRH receptors
were purchased from Sigma-Aldrich Co. LLC, (St. Louis,
MO, USA). In the case of the adhesion measurement, MDA
MB 231 breast cancer cell line, MCF 10 A normal breast
cell line, growth media (L15), and medium supplements
(fetal bovine serum and penicillin/streptomycin) were all
purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA). Also, uncoated antimony (n)-doped
Si atomic force microscopy (AFM) tips (MPP-31100) were
purchased from Bruker AFM Probes (Santa Barbara, CA
USA).

3.2 Extraction and synthesis of gold nanoparticles

Details of the procedures that were used to obtain plant
extracts from Nauclea latifolia are provided in Ref. 27.
Hence, we will only summarize the procedures for the
extraction and synthesis of the AuNPs from the Nauclea
latifolia leaves. Although extracts for AuNPs synthesis can
be obtained from both fresh leaves and dry ones, fresh
mature leaves of Nauclea latifolia were used in this study.
These were collected from the Botanical Park at Sheda
Science and Technology Complex (SHESTCO), Gwagwa-
lada, Abuja, Federal Capital Territory, Nigeria. Some of the
leaves were sun dried for 2 days, ground into powder with a
pestle and mortar, before storing the ground powder in a
bottle and refrigerated.

In the case of the fresh leaves, they were washed with
sterile distilled water and ground with a mortar and pestle.
1 g of freshly ground leaves was placed in each of 7 beakers
containing 20 ml of 0.5 M Acetate buffer (pH 4.0, 5.5, 6.5)
and 0.5 M phosphate buffer solutions of pH ranges 7.5, 8.5
and 9.5, with the last flask containing distilled water,
labelled as NLO (that is, without pH adjustment, though the
pH was found to be 7.0). These were stirred at 500 rpm for
20 min on a magnetic stirrer. The leaf extracts were filtered
through Whatmann filter paper No.l. The synthesis of
AuNPs at pH 7.0 from Nauclea latifolia has been shown
[27] to be promising for biomedical applications.

In the case of the dry leaves, 0.05 g (0.25%) of the dried
Nauclea latifolia leaf powder was soaked in 20 ml of the
corresponding buffer solutions (at different pH) and stirred
on a magnetic stirrer for 20 min. The solutions were then
filtered accordingly to obtain the extract.

Synthesis of AuNPs was achieved by using the extracts
from the leaves prepared as described above. 4 ml of each of
the fresh Nauclea latifolia extracts were measured into
corresponding test tubes. Subsequently, 1 ml of 2.5 mM
gold (IIT) chloride tri-hydrate was then added to each test
tube at room temperature (28-30 °C). The Nauclea latifolia
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leaf extract reacted with hydrogen tetra chloroaurate
(HAuCly) within 30 s forming AuNPs. This was revealed by
the visible color change that occurred as HAuCly solution
changed color from pale yellow to ruby red.

3.3 Ligand conjugation of LHRH to gold nanoparticles
3.3.1 Thiolation of gold nanoparticles

The thiolation and conjugation was done using AuNPs that
were formed at a pH of 7.0. The conjugation process
involved the use of a self-assembled monolayer (SAM)
method developed originally by Shiao-wen et al. 2008 [50],
with some modifications. Cyclohexane mercaptan, 99%,
from Acros Organics was used. First, a 1 mM thiol solution
was prepared by measuring 6 pl of the cyclohexane thiol in
a fume cupboard, into 50 ml of 50% ethanol, and stirred at
500 rpm for 20 min to mix properly. In another 50 ml bea-
ker, 10 ml of 5 mg/ml gold nanoparticles was added and
placed on a magnetic stirrer that was set at 500 rpm. Then 2
ml of 1 mM thiol solution was then added and stirred for 30
min.

3.3.2 Conjugation with LHRH

A 1mg/ml solution of LHRH was freshly prepared in
deionized water. Subsequently, 4 ml of the already thiolated
gold nanoparticles was then poured into a beaker, before
adding 1 ml of the LHRH solution. This was then stirred on
the magnetic stirrer for 30 min at a temperature of 4 °C. This
resulted in the coupling of LHRH to the gold core (using a
thiol linkage), either through an amino acid added at the C-
terminus, or a D-amino acid placed in position 6 of the
LHRH peptide sequence.

3.4 Prodigiosin synthesis and prodigiosin/AuNP
mixtures

3.4.1 Prodigiosin (PG) synthesis

A method developed recently by Obayemi et al. 2016 [51]
for the synthesis and purification of prodigiosin (PG) was
adopted for the synthesis and purification of the PG used in
this work. Hence, the synthesis and purification process will
only be summarized in this paper. The extraction of PG was
done from Serratia marcescens subsp. marcescens strain
using the method described by Kamble et al. [52]. The
extracted samples were then purified using size exclusion
chromatography (using Sephadex G-50 superfine resin),
prior to characterization with High Performance Liquid
Chromatography (HPLC) using an HPLC system with a
dual wavelength absorbance detector (Waters 2695 with
2487 Absorbance Detector, LabX, Midland, ON, Canada
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The PG content was determined from the HPLC analysis by
comparing the peak areas (normalization), as well as the
symmetrical increase of the peak areas, as a function of the
retention time.

3.4.2 Mixture of prodigiosin and conjugated gold
nanoparticles

Prodigiosin was added to the gold nanoparticles-conjugate
by means of physisorption, whereby the molecules were
held in place by Van der Waals forces. 1 mg of prodigiosin
was dissolved in 2 ml of methanol and added to the gold
nanoparticles conjugate. The mixture was stirred at 500 rpm
at a temperature of 4 °C (to prevent the denaturation of
proteins) for 30 min.

3.5 Gold nanoparticle characterization
3.5.1 UV-spectrophotometry measurements

Following the synthesis and conjugation, an ultraviolet—visible
spectrophotometer (UV—Vis) (CECIL 7500 Series, Buck Sci-
entific Inc., East Norwalk, USA), with a range between 400
and 700 nm, was used to confirm the formation of gold
nanoparticles. This was done using procedures described in
detail in Ref. 27. The procedures were repeated at 20 min
intervals for total durations of 1, 24 and 48 h.

3.5.2 Transmission electron microscopy (TEM) and
electron diffraction (ED)

The shapes and sizes of the nanoparticles were character-
ized using transmission electron microscopy (CM100
Transmission Electron Microscope, Philips/FEI Corpora-
tion, Hillsboro, OR, USA), while the presence of gold was
confirmed again using selected-area electron diffraction
(SAED) patterns of the nanoparticles. Prior to TEM
examination, drops of gold nanoparticle solutions were
placed on copper grids. These were allowed to dry under
ambient conditions (25 °C). They were then mounted on a
CM100 Transmission Electron Microscope at the Princeton
Institute of Science and Technology of Materials
(PRISM) at Princeton University, New Jersey, USA. Sub-
sequently, the nanoparticle sizes and shapes were further
analyzed using Image] software package (NIH Image,
Scion Image for Windows, National Institute of Health,
Bethesda, Maryland, USA). In the case of SAED analysis, a
selected-area aperture, with a diameter of 1 mm, was used.
The resulting SAED patterns were then recorded and
analyzed.
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3.5.3 Dynamic light scattering (DLS)

A Malvern Instrument Zeta-sizer Nano Series (Malvern
Instruments, Westborough, MA, USA) was used in the
DLS measurements of the AuNPs as well as conjugated
AuNPs/PG mixtures at room temperature (25 °C).
The samples were first diluted 1:8 with distilled water using
a 1 mL pipette. They were then filtered with a 0.22 micron
filter and in each case 0.1 mL of the gold nanoparticles
solution was added into the cuvette. The wavelength at
which the DLS instrument was run is 660 nm and the fixed
scattering angle was used 90. 3 runs per sample were
performed for 2:00 min per run, giving a total of 6:00 min
per sample.

3.5.4 Energy dispersive X-ray spectroscopy (EDS)

An Environmental Scanning Microscope (ESEM) (Model
FEI Quanta 200 F with Oxford-EDS system IE 250 X Max
80, Philips/FEI, Hillsboro, OR, USA) was used to obtain
semi-quantitative estimates of the compositions of the
AuNPs and LHRH-conjugated AuNPs/PG mixtures. Prior to
EDS characterization, the AuNP solutions and the conjugated
AuNP/PG mixtures were ultra-centrifuged at 12,000 rpm for
30 min. This was done to concentrate the nanoparticles. The
nanoparticles were then placed on the SEM sample holder
and air dried before viewing them in the ESEM.

3.6 Adhesion measurements

Prior to the adhesion measurements, a breast cancer cell line
(MDA-MB-231cells) and a normal-breast cell line (MCF
10 A cells) was cultured and prepared. About 20 pl of 5 X
10* cells/'ml MDA-MB-231 cells was cultured in 60 x 15
mm Falcon cell culture Petri dishes at 37 °C. This was done
under standard atmospheric pressure in L-15 medium sup-
plemented with 100 L.U./mL penicillin/100 1 g/mL strepto-
mycin and 10% FBS.

In the case of the normal breast cells, 5 x 10* cells/ml of
MCF10A breast cells was incubated at 37 °C in 5% CO, in
DMEM/F12 medium (Invitrogen # 11330-032) supple-
mented with 5% horse serum (Invitrogen # 16050-122), 30
ng/ml murine Epidermal Growth Factor (Peprotech #315-
09), 0.5 pg/ml hydrocortisone (Sigma, #H-0888), 100 ng/ml
cholera toxin (Sigma #C8052-1MG), 10pg/ml insulin
(Sigma #I-882-100MG), 1% Penicillin-Streptomycin (Invi-
trogen #15070-063), and 0.2% amphotericin (Gemini Bio-
products, #400-104), respectively.

After 72 h of culturing, the cell confluence was about
70%. Both cell samples were then washed twice with PBS
solution (1X PBS at 4 °C) and fixed in 3.7% formaldehyde
solution for 15 min. The fixed cells were then rinsed three
times with PBS (1X PBS at 4 °C). This was followed by

three rinses with distilled-deionized water (4 °C). This last
rinse with water was used to remove possible salt deposits
that may have resulted from the prior PBS rinses. Finally,
the fixed cells were dried in a vacuum desiccator for 2 h (at
25-30°C).

Adhesion measurements were done using a Multimode
Dimension DI Nanoscope Illa Atomic Force Microscope
(Bruker Instruments, Woodbury, NY, USA). The Atomic
Force Microscope (AFM) tips were coated with the LHRH,
AuNPs, prodigiosin drug (PG), LHRH-conjugated AuNPs
and LHRH-conjugated AuNPs/PG mixture using a simple
dip coating technique [45]. This was done under sterile
conditions at a temperature of 22 °C, as reported by Oni
et al. [45].

To ensure that the AFM tips were coated with LHRH or
LHRH-AuNPs, the bare AFM tips and the nanoparticle
coated AFM tips were imaged using environmental scan-
ning electron microscopy (ESEM). The secondary electron
images of the coated and bare AFM tips were obtained from
a Phillips FEI Quanta 200 Field Emission Gun (FEG)
Environmental-SEM (Philips Electronics N.V., Eindhoven,
Netherlands). These images were used to confirm the pre-
sence of LHRH and nanoparticle coatings on the AFM tips,
before and after the adhesion measurements. The different
coated tips were brought into contact with the substrates
(breast cancer cells and normal breast cells) during the AFM
adhesion measurements.

As described in Section 2, the Atomic Force Microscope
(AFM) measures the deflection of a cantilever spring with a
sharp AFM tip (the tip radius is about 10-100nm) as a
function of displacement from a horizontal position, which
is driven by a piezo-electric system. The deflection of the
cantilever is monitored using a laser-photodiode system. It
relates the forces between the probe-tip and the substrate
[53] to the displacement of the tip.

When the cantilever is far away from the surface of the
sample, the AFM-tip is force free. Hence, there is no
adhesive interaction between the tip and the substrate.
However, as the tip approaches the surface, adhesion forces
increase significantly. These attract the tip towards the
substrate (See Fig. 1b). At a distance of a few nanometers
from the substrate (~20 nm), the secondary forces (Van der
Waals forces and hydrogen bonds) acting on the surface
become significant, causing the cantilever and the tip to
jump into contact with the sample surface [54].

The piezo drive pushes the AFM-tip further on the sur-
face until a point of repulsion is reached and the motion of
the piezo is reversed. The cantilever deflects towards the
surface due to adhesion force before the tip breaks contact
with the surface. The sudden pull-off may cause free
vibrations of the cantilever. The pull-off is described as the
adhesion between the coated AFM tips and surface of the
substrate [52-57].
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The following adhesion measurements were made:

i. Bare AFM tip to breast cancer/normal breast cells;

ii. LHRH-coated AFM tip to breast cancer/normal breast
cells;

iii. PG drug coated AFM tip to breast cancer/normal
breast cells;

iv. AuNPs to breast cancer/normal breast cells;

v. AuNPs-LHRH to breast cancer/normal breast cells,
and

vi. AuNPs-LHRH/PG mixture to breast cancer/normal
breast cells.

3.7 Confocal fluorescence microscopy of LHRH
receptors

Immuno-fluorescence staining of both breast cancer cells
and normal breast cells were carried out using methods
reported earlier by Meng et al. 2010 [44]. Both triple
negative breast cancer cells (MDA-MB-231 cells) and
normal breast cancer cells (MCF 10 A cells) were cultured
on sterile cover slips (with inside cross sectional areas of
60 x 15 mm) and Falcon cell culture Petri dishes in their
respective growth media described in section 3.6. After 48
h, the cells were fixed, stained and imaged, as reported by
Meng et al. 2010 [44].

4 Results

4.1 Nanoparticle synthesis, conjugation and
characterization

A period of 30sec was used to synthesize the AuNPs
from the Nauclea latifolia leaf extract [27]. This was pos-
sible when gold aurochloride (HAuCly) reacted with the
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Fig. 2 a UV/Vis spectra obtained for AuNPs produced from Nauclea
latifolia leaves at a pH of 7.0; b UV/Vis spectra obtained for LHRH-
conjugated AuNPs Synthesized in a above

48 h, though the absorbance increased with time. The UV
results for both unconjugated AuNPs and LHRH conjugated
AuNPs showed evidence of the presence of AuNPs (Fig.
2a). After conjugation, the UV—Vis spectra conjugation
(Fig. 2b) showed the presence of 2 peaks, at 260 nm which
confirms the presence of the peptide, LHRH [58], and a
second peak at 544 nm which is the wavelength of AuNPs.
The reaction schematics of conjugation of AuNPs to LHRH
is represented below.

on + AuNPs—SH———»  LHRH-S-AuNPs Q?)

LHRH

extract at a pH of about 7.0. The formation of AuNPs was
revealed by the visible color change that occurred, as the
HAuCly solution changed from a pale yellow color to ruby
red [27].

From the UV-Vis measurements, the peaks revealed that
AuNPs were synthesized with a plasmon resonance peak at
540 nm. The nanoparticles remained stable at 540 nm after
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The TEM micrographs obtained for the AuNPs synthe-
sized from Nauclea latifolia leaves, as well as the LHRH-
conjugated AuNPs/PG mixtures, are presented in Fig. 3.
After conjugation with LHRH, the average size of the
conjugated AuNPs was within the range of 51— 60 nm. The
shapes of the AuNPs formed) are combination of prismatic,
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Fig. 3 TEM images of a AuNPs
synthesized from Nauclea
latifolia leaves at a pH of 7.0; b
LHRH-conjugated AuNPs; ¢
LHRH-conjugated AuNPS with
PG mixtures; d the Scherer ring
patterns indicating the fcc gold
which is nanocrystalline in
nature

octagonal, heptagonal and hexagonal shapes, with varying
sizes (Fig. 3a). Similar nanoparticle morphologies were also
observed after conjugation and mixture with PG (Fig. 3b
and 3c). These combinations of shapes and sizes may be
relevant for optimum surface plasmon resonance effect
(SPRE) of AuNPs considering the incident angle and
AuNPs-laser interaction. The TEM images and selected area
electron diffraction (SAED) patterns also confirmed the
formation and crystallization of nanoparticles. The SAED
pattern presented in Fig. 3d represents the four-fringe pat-
tern of gold nanoparticles, which corresponds to the fcc
crystal structure of gold [(111), (200), (220), (311)]. This
confirms the formation of pure gold nanoparticles.

The TEM average size distributions of the synthesized
AuNPs are shown in Fig. 4a and b, with the average par-
ticles size being in the range of 41c50 nm. The hydro-
dynamic diameter measured with the DLS is presented in
Fig. 4c. The DLS measurements of the polydispersity
indices of the AuNPs are represented in Fig. 4d. The
hydrodynamic diameter of the AuNPs nanoparticles syn-
thesized at a pH of 7.0 was 47.9nm, while the poly-
dispersity index (PDI) of the same nanoparticles was 0.23.
The measured PDIs show that the representative samples of
the gold biosynthesized nanoparticles were relatively mono-

dispersed. The z-averages before conjugation, after con-
jugation with LHRH, and after the addition of prodigiosin,
were 47.9, 58.9 and 60.2 nm, respectively. These are con-
sistent with the findings of Takae et al. [59], who observed
an increase in nanoparticle diameter (from 20 to 33.3 nm)
after functionalization with 6000 Mw PEG. Some other
researchers also have reported DLS measurements of the
hydrodynamic diameters of gold nanoparticle to increase
from 28.2 to 48.5 nm, with the addition of PEG coatings
[60, 61].

Typical EDS results obtained from the AuNPs synthe-
sized at a pH of 7.0 conditions are presented in Fig. 5. The
results show clear and predominant evidence of gold peaks,
although peaks corresponding to some of the materials
(used in the reactions) were also observed (Fig. 5b). Note
that the carbon and silicon peaks are attributed to the spe-
cimen mount in the SEM grid [62]. The presence of gold
peaks is consistent with the existence of gold nanoparticles.

4.2 Adhesion force measurements
The SEM images of the bare AFM tip, AuNPs coated AFM

tip, AuNPs-LHRH coated tips and LHRH-conjugated
AuNPs/PG mixture are presented in Figs. 6a—6d,
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AuNPs and size distribution; ¢
typical DLS hydrodynamic
diameter of size distribution of
AuNPs synthesized from
Nauclea latifolia leaves and d
shows the polydispersity index
of AuNPs, AuNPs-LHRH and
AuNPs-LHRH-PG, respectively

Fig. 4 a and b Typical TEM of (a)

I Z-average

Z-average (nm)

AuNPs

Samples

respectively. When coated with plain gold nanoparticles, the
attachment was seen as sparsely scattered on the tip, but the
coating with AuNPs-LHRH conjugated gold nanoparticles
showed an even attachment as seen from the peeled off
region. The SEM images of the coated tips clearly show the
presence of AuNPs on the apex of the AFM tips [Fig. 6b—d].
In Fig. 7, a typical AFM—force/distance curve measured by
the AFM-cantilever versus tip sample distance was pre-
sented. It shows the AFM force-displacement behavior
between AuNPs-LHRH coated AFM tips to MDA-MB 231
breast cancer cells AFM-force/distance measurement.

The measured adhesion force between the different
constituents and breast cancer cell/normal breast cells are
represented in Fig. 8. The resulting pull-off/interaction
forces between the bare AFM tip and the breast cancer cells
(MDA MB 231 cells) are slightly more than those between
bare tips and normal breast cells. In the case of AuNPs
coated AFM tips, the interaction between AuNP-coated
AFM tips and normal breast cells is less than a factor of two
to those with breast cancer cells (18.6 +0.93 nN <48.5 +
2.5nN). In the case of the adhesion forces between LHRH
ligand and breast cancer cells or normal breast cells, the
pull-off forces obtained were 21.7 + 1.8 nN and 105.6 +£5.3
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nN, respectively. Furthermore, the adhesion between
LHRH-conjugated AuNPs and breast cancer cells or normal
breast cells were measured to be 125.6 + 6.3 nN and 35.3 +
1.8 nN, respectively. These results clearly show that LHRH-
conjugated AuNPs can be used for selective and specific
targeting of triple negative breast cancer cells. Finally, the
interaction between LHRH-conjugated AuNPs/PG mixtures
to breast cancer cells was (118.4 + 6 nN) greater than for
those with normal breast cells (43.4 +2.7 nN).

5 Discussion

Gold nanoparticles exhibit distinct optical and physical
properties based on their size (diameter), shape, surface
structure and agglomeration state. When functionalizing
gold nanoparticles with chemical groups or biomolecules, it
is imperative to characterize them. Gold nanoparticles
exhibit unique optical feature often known as surface
plasmon resonance (SPR), which is, the collective oscilla-
tion of electrons in the conduction band of gold nano-
particles in resonance with a specific wavelength of incident
light [63]. SPR of gold nanoparticles results in a strong
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Fig. 5 EDX showing elemental
composition of a AuNPs
synthesized from Nauclea
latifolia at a pH 7.0; b LHRH-
conjugated AuNPs/PG mixture

Fig. 6 Scanning Electron
Microscopy image of AFM tips:
a Bare tip; b AuNPs coated
AFM tip; ¢ LHRH-conjugated
AuNPs coated AFM tip; d
AuNPs-LHRH/PG drug coated
AFM tip

Bare AFM Tip

D det HY
mm ETD 20.00 kV

absorbance band in the visible region (500-600 nm), which ~ spectrum depends on the size and shape of gold nano-
can be measured by UV-Vis spectroscopy. From our  particles. The production of gold nanoparticles has been
results, the SPR of the AuNPs occurred at 540 nm. The SPR  correlated with the change in color of pale yellow plant
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Fig. 7 Typical AFM force-displacement behavior between AuNPs-
LHRH coated AFM tips to MDA-MB 231 breast cancer cells

extracts or bacterial cell suspensions to pink or purple [64,
65]. This color change is as a result of the reduction of Au>"
to Au® [66]. Detailed results of the synthesis of AuNPs from
Nauclea latifolia are reported in Ref. [27].

UV-Vis measurements was also be used to evaluate the
functionalization of gold nanoparticles. Upon binding of
ligands to the gold nanoparticle surface, the SPR spectrum
had a red-shift by a few nanometers, as shown in Fig. 2b.
This shift has been attributed to the increase in the local
refractive index at the gold nanoparticle surface.

The results of the selected area electron diffraction
(SAED) patterns indicated the crystallization of nano-
particles. The observed Scherer ring pattern is consistent
with the reference face-centered cubic (fcc) gold, indicating
that the biogenic nanoparticles seen in the TEM images are
indeed crystalline gold. Typical size distributions obtained
from the image analyses of the TEM images were compared
to those obtained from the DLS measurements in Fig. 4.
The measured hydrodynamic diameter describes the
dimensions of a sphere that has the same diffusion
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Fig. 8 Summary of adhesion force measurements between uncoated/
bare AFM tip as well as different nanoparticles-coated AFM tips and
breast cancer (MDA-MB-231) cells/normal breast (MCF 10 A) cells

coefficients within the same viscous environment. Further-
more, a comparison of the hydrodynamic diameters and the
polydispersity index of the gold naonoparticles synthesized
(before and after conjugation) was studied. The z-average
increased with the addition of the ligand, LHRH, and fur-
ther when the anti-cancer drug, prodigiosin (PG), was
added. This finding was also reported by Takae et al. [59],
who observed an increase in nanoparticle diameter (from 20
to 33.3 nm) after functionalization with 6000 Mw PEG. The
results obtained from the meaurements of the PDI showed a
decrease with the addition of the ligands. This suggests that
conjugation improves the dispersity of the particles. The
AuNPs synthesized at a pH of 7.0 had a PDI of 0.23 before
conjugation, PDI of 0.29 after conjugation, and a PDI of
0.08 after conjugation with LHRH and the addition of PG
cancer drug.

As discussed earlier, the TEM images correspond to
electron transmission through the nanoparticles, while the
DLS correspond to the hydrodynamic diameters. The
hydrodynamic diameters measured from the DLS were
generally much greater than the effective diameters obtained
from the TEM images. This is partly due to the adsorption
of proteins and organic wastes onto the surfaces of the
AuNPs, which is accounted for in the DLS measurements
[67]. Such adsorption tends to promote the formation of
nanoparticle clusters that increase the hydrodynamic radii.
In the case of the TEM measurements, they only account for
the electron transmission through the nanoparticle core.
Thus, the high magnification TEM images required for the
measurement of individual nanoparticle sizes may not
necessarily reveal the statistical variations in the cluster
sizes that are formed due to nanoparticle aggregation [67].
The EDS analysis revealed the presence of gold (Au), iron
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Fig. 9 Fluorescence confocal
images of LHRH receptor
distribution on a normal breast
cells and b breast cancer cells.
The images show the over-
expression of LHRH receptors
and nuclei designated by arrows

N\

\

Nuclei

\

P

(Fe), which is usually attached to prodigiosin, Cu and Si,
which are most likely to be from the sample grid.

The atomic force microscope (AFM) is an imaging
device capable of atomic resolution [68]. The AFM
employs a small probe on a cantilever, which deflects in
response to the intermolecular attractive and repulsive for-
ces found in proximity to the sample [69, 70]. The AFM
tips, both coated and uncoated were imaged using the SEM
to ensure that the delamination of coating on the AFM tips
did not occur during the pull-off/adhesion experiments.

From our results, it is clear that the interaction between
LHRH coated AFM tip with breast cancer cells was greater
than those of normal cells by a factor of 5. This partly
explains why LHRH specifically targets of triple negative
breast cancer cells [62, 71-74].

In the case of therapeutics, the PG interaction to breast
cancer cells or normal breast cells was measured. This result
was important to understand the behavior of PG when used
in a nanocluster of AuNPs-LHRH-PG. The adhesion forces
between the PG drug and breast cancer cells or normal cells
were relatively low, and within the same range.

The higher adhesion values obtained for the LHRH-
conjugated AuNPs component to breast cancer cells are
attributed to the over-expression of LHRH receptors on
cancer cells compared to normal cells (Fig. 9). The
increased adhesion between the LHRH-conjugated nano-
particles to breast cancer cells has been shown to be due to
the increased incidence of LHRH-receptors on breast
cancer cells [61, 62, 71-74]. The results suggest that the
over-expressed LHRH receptor, located on breast cancer
cells, interact very strongly with LHRH peptides,
respectively.

The current results suggest that force microscopy tech-
niques incorporated with LHRH-conjugated AuNPs pre-
sented here may be used as a method for the fast screening
of ligand-conjugated nanoparticles that can be used for the
early detection of other forms of cancer and other diseased
cells that over-express ligand receptors on their membrane
surfaces. Such over-expression should increase the potential

(b)

T

_—
LHRH receptors

for the specific targeting and treatment of triple negative
breast cancer.

6 Summary and concluding remarks

This paper presents the results of a study of adhesion of
biosynthesized gold and gold/prodigiosin nanoparticles to
triple negative breast cancer cells. We argue that such
adhesion could increase the potential for specific targeting
and cancer therapy. The AuNPs were synthesized from
Nauclea latifolia leaf extracts. The adhesion results show that
the adhesion force between LHRH-conjugated biosynthe-
sized AuNPs and the breast cancer cell line MDA-MB-231
was greater (by a factor of five) than that of LHRH-
conjugated AuNPs to normal breast cells. Similarly, in the
case of the nanocluster of AuNPs-LHRH-PG mixture, the
adhesion of the mixture to breast cancer cells is greater than
that to normal breast cells. The increase in adhesion of the
LHRH-conjugated gold nanoparticles is associated with the
increased incidence of LHRH receptors that are over-
expressed on the surfaces of breast cancer cells. The
increased incidence of LHRH receptors in increased adhesive
interactions by a factor of about five. It also increases the
potential for use of AuNPs-LHRH-PG in the selective and
specific targeting and treatment of breast cancer by localized
cancer drug delivery, hyperthermia and laser surgery.
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