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Background: The development of highly efficient nanoparticles to convert light to heat for
anti-cancer applications is quite a challenging field of research.

Methods: In this study, we synthesized unique pimpled gold nanospheres (PGNSs) for plas-
monic photothermal therapy (PPTT). The light-to-heat conversion capability of PGNSs and
PPTT damage at the cellular level were investigated using a tissue phantom model. The ability of
PGNSs to induce robust cellular damage was studied during cytotoxicity tests on colorectal
adenocarcinoma (DLD-1) and fibroblast cell lines. Further, a numerical model of plasmonic
(COMSOL Multiphysics) properties was used with the PPTT experimental assays.

Results: A low cytotoxic effect of thiolated polyethylene glycol (SH-PEGy4p-SH-) was
observed which improved the biocompatibility of PGNSs to maintain 89.4% cell viability
during cytometry assays (in terms of fibroblast cells for 24 hrs at a concentration of 300 pg/
mL). The heat generated from the nanoparticle-mediated phantom models resulted in
AT=30°C, AT=23.1°C and AT=21°C for the PGNSs, AuNRs, and AuNPs, respectively (at
a 300 pg/mL concentration and for 325 sec). For the in vitro assays of PPTT on cancer cells,
the PGNS group induced a 68.78% lethality (apoptosis) on DLD-1 cells. Fluorescence
microscopy results showed the destruction of cell membranes and nuclei for the PPTT
group. Experiments further revealed a penetration depth of sufficient PPTT damage in
a physical tumor model after hematoxylin and eosin (H&E) staining through pathological
studies (at depths of 2, 3 and 4 cm). Severe structural damages were observed in the tissue
model through an 808-nm laser exposed to the PGNSs.

Conclusion: Collectively, such results show much promise for the use of the present PGNSs
and photothermal therapy for numerous anti-cancer applications.

Keywords: plasmonic, photothermal therapy, gold nanoparticles, colorectal cells, pathology

Introduction
“There is plenty of room at the bottom™ is the precious sentence from Richard Feynman
initiating the field of nanotechnology.' Such a statement has turned into a complete field
of new and exciting research which has since demonstrated that materials assembled at
the nanometer scale possess unbelievable electrical, mechanical, and optical properties
all based on the large surface area to volume ratios inherent in nanomaterials.
Nanotechnology has brought widespread benefits to various fields of science, particularly
in the biomedical sciences.> > Nanostructures provide a wide range of applications in the
areas of molecular imaging, early disease diagnosis, drug delivery, and tissue engineering
to name a few due to their shape, size, surface charge, and functional groups.

In particular, the visible optical absorption and emission wavelengths of gold-based
moieties make them appropriate candidates for photothermal therapy where light is
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converted to heat to kill select cells, a property exciting
specifically for anti-cancer applications. According to
WHO statistics, annually, 8.9 million deaths result from all
cancers representing the second highest cause of human
death.® ' Plasmonic photothermal therapy, as a technique
centered around a light-driven method, is considered as
a novel paradigm shift in cancer treatment. The synergistic
incorporation of photothermal therapy collateral with che-
motherapy and radiotherapy promises sufficient increases in
cancer treatment through PPTT.'

The mechanism of the destruction of the cancer cells
by photothermal therapy has been realized by laser and
nanostructural interactions when effective treatment occurs
with appropriate nanoparticles. The heat created by nano-
particles depends on the laser and nanoparticle interactions
via a localized surface plasmon resonance (LSPR) effect,
which is a size- and shape-dependent property. In recent
years, great interest has been seen in the therapeutic prop-
erties of different gold nanoplatforms towards LSPR. The
impressive growth in the number of articles in this area
illustrates the progress made in the fabrication and char-
acterization of gold nanoparticles with specific morpholo-
gies categorized by their select optical properties from
simple spherical structures stretching to more complex
shapes.'> The optical properties of noble metals, such as

gold, are influenced by their size,'®'®

shape and surface
modification of the nanostructure. The purpose of photo-
thermal therapy includes the use of proper nanoparticles
with extinction wavelengths in the near-infrared (NIR)
region. Nanoparticles with their specific shapes could
shift the resonance wavelength to NIR which is effective
for the penetrating power of such wavelengths.

Gold nanorods with double extinction peaks have been
introduced as appropriate morphologies with absorbing
wavelengths around NIR. As a consequence, gold nanorods
have been applied to deep tissues. The size of nanoparticles
can be introduced as an additional factor to enable to shift
from high absorbing wavelengths of visible ultraviolet
(UV) toward NIR that are desirable for biomedical applica-
tions. In photothermal therapy, the red-shifting of the
absorbing peak in nanoparticles is seen as impossible; how-
ever, the surface modification of gold nanostructures can
help solve the problem.'® Advances in the synthesis, mod-
ification and application of gold nanostructures in nanome-
dicine (such as PTT) have enabled such red-shifting of
various shapes, such as rods,?* %% shells,”® cubes,**?

flowers?® and dahlias'® to name a few.

Because of their small dimension, simple functiona-
lization and tunable optical properties, gold nanoparti-
cles have been introduced as attractive nanostructures
and have revolutionized biomedical applications®’ for

3031 treatment

improved medical imaging,”®*° diagnosis,
mechanisms®? and drug delivery.*® In photothermal ther-
apy, more sophisticated shapes can be used such as
prisms,** clusters,>® matryoshka®® and capsules.>’ The
LSPR wavelength and cross-section in nanoparticles,
which effect the therapeutic efficiency of photothermal
therapy, are shape and size-dependent factors. Other
factors that effect the LSPR environment include the
dielectric coefficient, the capping agent used in synth-
esis, and the nanoparticle refractive index.

Gold nanostructures with sizes around ~10-200 nm are
affected by applying appropriate laser irradiation through
LSPR which coherently focuses the oscillation of band elec-
trons in nanoparticles. The small size of nanoparticles also
provides an opportunity for suitable functionalization and
easy entrapping of administered nanostructures in the target
region such as cancer cells and tissue. In anisotropic nanoma-
terials, such as gold nanorods, several different optical absorb-
ing wavelengths, known as plasmon resonance bands, might
be introduced.*® The first peak is related to electron oscillation
which is separated into the longitudinal (L) axis at a ~520 nm
wavelength and the second transverse axis (T) is the width of
the nanorods at a ~750 nm wavelength. By increasing the
length to width ratio in nanorods, which is known as the
“aspect ratio factor (AR)”, the UV absorbance spectra increases
and helps red-shift the LSPR (Amax) which should be strongly
considered for laser selecting in PTT for clinical applications
and in the terms of a treatment for deep cancerous tissue.>”*’
For gold nanospheres of different sizes, the LSPR (A, ) alters
from 520 nm to 900 nm as the unique absorbance peak corre-
lates with the cross-section of the nanoparticles. In addition to
the size and shape of the nanostructures, investigations have
proved that nanoparticle surface modification and functionali-
zation alter the surface chemistry of nanoparticles and photo-
thermal therapy.*!

For example, Huang and co-workers developed rattle-type
metal nanotransducers for dual applications such as MRI-
guided and photothermal therapy.*> Also, investigations in
the optical properties of nanomaterials demonstrated that the
LSPR shifting of spherical gold nanoparticles can be achieved
by surface decoration (functionalizing) with ultrafine noble
metal nanoparticles (with and without interfacial lamination).
Rattle-type magnetic core nanostructures (100 pL, 10 pg)
demonstrated a 32°C to 46°C increment over 5 min during
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in vivo experiments on HepG2 tumor-bearing mice. Gao et al
also reported the use of multilayered gold nanoparticles
(MLGSs) on MDA-MB-231 cells (a human breast adenocar-
cinoma cell line) and reported less than 10% living cells in the
presence of photothermal therapy at 808 nm and 2 W for 5
min. These results demonstrated both low toxicity of nanoma-
tryoshkas (with 90% cell viability and at a concentration of
50pg/mL) and a remarkable temperature rise (to about 58°C)
through in vivo assessment by using 100 pL, 4 mg mL™" of
MLGSs.**

Another primary aperture used in the PPTT protocol for
medical applications includes laser generation. The laser has
a wide range of applications in therapeutic protocols and
tumor imaging techniques, such as breast cancer imaging
and therapy,™ and also in typical applications in cosmetic
domains with the earliest application of a laser in ophthal-
mology operations.** Photothermal tumor ablation is another
category of therapeutic techniques in which a laser is used as
external energy. Moderate laser types are proper for clinical
use. However, the penetration depth of a laser beam into the
tissue limits its therapeutic applications and optical tomogra-
phy has tissue depth limitations.* Hence, an appropriate
laser supplier has a severe impact on the therapeutic efficacy
of ablative photodecomposition.

Many classifications of laser/tissue interactions are used
in clinical procedures, eg thermal and photochemical inter-
actions, plasma-induced ablation and also photo-ablation as
well as photo-disruption. The penetration of a laser into the
tissue and the stimulation of nanoparticles (via LSPR) can
be strongly considered for plasmonic photothermal therapy.
By choosing an appropriate laser (frequency) via PPTT and
red-shifting of a laser’s wavelength, the effective penetration
depth of a laser can be improved.

Considering the above, the objective of this study was
to develop a new gold nanoparticle for anti-cancer plas-
monic photothermal therapy.

Experimental Section

Chemicals and Materials

Tetrachloroauric trihydrate (HAuCly.3H,0), trisodium
citrate (NazCgHsO7) (99%), tetrakis (hydroxymethyl)
phosphonium chloride (referred to hereafter as THPC),
hexadecyl trimethylammonium bromide (CTAB, 98%),
hydroxylamine hydrochloride (HONH,-HCI) (Sigma-
Aldrich, USA), and dithiolated-polyethylene glycol (SH-
PEGygo-SH) were provided by the Polymer Laboratory at
Hacettepe University. Milli Q grade I distilled water was

used for all solutions. All reagents were used as received
without further purification.

Synthesis Procedures

The aqueous media synthesis of AuNPs used citrate
sodium as a reduction agent for converting gold ions
(Au™) to atomic gold (Au®) through the Turkevich et al
method.*® The AuNRs were prepared through the double
stages protocol which consists of gold seed formation and
growth reactions via the Nikoobakht et al protocol.*’ The
details of the synthesis have been provided in the supple
mentary data section(see the Gold nanoparticle (AuNPs)

preparation and characterization section).

The PGNSs were synthesized by the attachment of the
gold nanoparticles of various diameters together via dithio-
lated PEGuqo(-SH-PEGugo-SH-) linker molecules.*® The
PEG-based molecules increased the biocompatibility of the
nanoparticles as determined through cell culture assays.*’
Disulfide polyethylene glycol (HS-PEGy00-SH) was used
for functionalizing LSAuNPs during PGNSs formation to
form a target spot for the UFAuNPs for cell attachment (see
the S6 section in the supplementary data section).**°

The engineering of PGNSs for LSPR activation in the
NIR region for this PPTT application was important. The

detailed synthesis description of the PGNSs is given in the
supplementary data section.

Characterization

The LSPR absorption of the nanoparticles were measured
at 400 to 900-nm wavelengths by UV-vis spectrophotome-
try (JASCO, V-530). Transmission electron microscopy
(TEM, JEOL JEM 1010, FEI, Tecnai) was used for mea-
suring the size and crystallographic structure of the nano-
light scattering (DLS) of the
synthesized nanoparticles were measured by a (-sizer
(HAs 3000, MALVERN, USA). The characterization of
the nanoparticles are reported in Table S1 and Figure S1 -

particles. Dynamic

Figure S4 section of the supplementary data section.

The nanostructures were characterized by a dynamic
light scattering (DLS) ({-sizer) device to identify the size
distribution and charge evaluation of the nanoparticles; see
the Figure S1 section of the supplementary data section.

Numerical Modeling

COLMSOL multiphysics software was used for numerical
modeling of plasmonic properties with proper initial and
boundary conditions. Through modeling of the laser and
nanoparticle interactions, we obtained the electrical intensity
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(E;) (details are given in the simulation model) which is
proportional to an increase in temperature. Laser irradiation
on different nanoparticles was modeled for theoretical
(numerical modeling) investigations.

Cell Culture

A Duke’s type Colorectal Adenocarcinoma malignant cell
line (DLD-1; ATCC CCL-221 ™ originally purchased
from ATCC) was provided as a gift from the Gulhane
Training and Research Hospital, Turkey and a fibroblast
cell line (ATCC CCL-1213 ™) was supplied from SAP
Institute (Turkey). The cells were seeded at 1x10* cells/
well. RPMI-1640 media, 10% fetal bovine serum (FBS)
and penicillin and gentamicin were provided from the
Bioengineering Department of Kirikkale University
(Turkey). Cells were incubated in a 95% O, and 37°C
humidified environment for 24 hrs. The cells were
detached from the flask by using trypsin-ethylene diamine
tetraacetic acid (EDTA) after proper proliferation to obtain
a sufficient number of cells (confluency of 85%).

Photothermal Assays on Nanoparticle

Dispersions

To evaluate the temperature increase from the nanoparti-
cles (PGNSs, AuNPs and AuNRs), aqueous (2 mL) dis-
persions with a 300 pg/mL (1.03 x 10"* NPs/mL)
concentration were irradiated using a 534 nm, 606 nm
and 808 nm (NIR) laser (450 mW output) at a laser inten-
sity of 4 W/em? for 5 min. The distance between the upper
level of the solution and the laser was adjusted to 3 cm.
Temperature enhancement images were obtained by cap-
turing the images given using an IR thermal camera
(FLIR, i5, Germany). The results of the temperature rising
through the different intervals showed the photostability of
the synthesized nanoparticles which was accomplished by

O
N

completing several measurements of extinction spectra of
the nanoparticles before and after the laser irradiation and
using UV-vis spectrophotometer data. The photostability
of the nanoparticles is highly important during photother-
mal therapy.

MTT Assays

The in vitro cytotoxicity effect of the synthesized PGNSs
was evaluated on the DLD-1 and fibroblast cells using
a standard MTT assay. For this, wells were seeded with
cells in 12 cavity well-plates at a density of 10* cells/well
in RPMI-1640 medium at 5% CO, for 24 hrs. The relative
cell viability indexed was evaluated using MTT experiments.
The protocol used is given in the supplementary data section.

Photothermal Ablation of the DLD-I| and

Fibroblast Cells in vitro

The DLD-1 cells and fibroblast cells were cultured in 12
well plates in the presence of RPMI-1640 medium com-
plemented with 10% FBS for 24 h at 37°C and 95% O,
humidified conditions. For this, the cells were incubated
with the highest non-toxic concentration of PGNSs (300
pg/mL equals 1.03 x 10'3NPs/mL) achieved from the
MTT assays for an additional 4 h. Afterward, the excessive
amount of medium and PBS for washing the cells was
decanted. The cells were irradiated by a proper laser (808-
nm, 4 W/em? for PGNSs) for 5 min. Negative control
groups (no laser irradiation and no nanoparticles) were
selected for appropriately analyzing the results. To study
the effect of different power intensities on the photother-
mal ablation of DLD-1 and fibroblast cells, an aliquot of
200 pL of PGNSs, AuNRs and AuNPs (300pg/mL,
200pg/mL and 100pg/mL) in RPMI-1640 was incubated
with the cells for 5 hrs at 37°C and 95% O,. Thereupon,
the cells were irradiated to 808-nm, 606-nm and 532-nm

1 2 ¥ 2%

Schematic > [ Physical Tumor model | [ Physical Tumor model ] [ Physical Tumor model ] [ Physical Tumor model ]

illustration Group one Group two Group three Group four
of Physical without PGNSs (laser 4 neither laser (only
Tumor (only laser W/cm?)and  exposures nor  hanoparticles
model irradiation 200 pL, nanoparticles ~ administration)
(1-4 cm) depths)  300ug/mL (1- administration (1-4 cm depths)
slices 4 cm depth) (1-4 cm slices
slices depths) slices

Figure | Photothermal therapy in the physical tumor model showing the different groups used.
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laser with different powers (1, 3 and 4 W/cm?) for 5 min
and placed at 37°C for a further 1 hr. All measurements
were conducted in quadruplicate.

Physical Model of PPTT

A non-living physical tumor model was used for the eva-
luation of how much of the PPTT penetrated into the tissue
and what can be imagined to assess tissue structural
changes after use (Figure 1). The slices of the model
were studied through negative and positive control groups
(n=3). One group was exposed to a laser alone (without
PGNSs present) and the second group was exposed by
a laser after PGNS (200 pL, 300pug/mL) injection. The
third group neither was exposed to the laser nor were the
nanoparticles administered and for the fourth group, only
nanoparticles were administered.

Statistical Analysis
All of the statistical analyses related to the MTT assays
and other experiments were performed by one-way

analysis of variance (ANOVA) followed by OriginPro
9.1 software compatible tests of the Bonferroni post hoc
method. In addition, all data are represented as the mean +
SD of at least n=3 independent sets of experiments.

Results and Discussion
Characterization of PGNSs

To synthesize the PGNSs nanocomposites, the decoration
of the core nanoparticles (LSAuNPs) with ultrafine gold
nanoparticles (UFAuNPs) was completed. Transmission
electron microscope images were used to observe the mor-
phology, crystallography and shape of the nanoparticles
(Figure 2A). UV-vis absorption spectra (Figure 2B) illu-
strated that the LSPR wavelength of the UFAuNPs was
centered at 502 nm and the size distribution (Figure 2C)
of the monodispersed gold seeds presented as the as-
prepared gold seeds were 2—-5 nm in diameter revealing
sufficient data for the formation of gold nanoparticles by
ionic gold (Au") reduction. Figure 2 gives information

A 18 B AuNPs (522 nm, 1.5060)
AuNPs 529 nm, 1.1465
16 = AuNPs (541 nm, 1.5323)
1.4 AuNPs (560 nm, 1.1878)
S AuNPs (573 nm, 1.5144)
512 -
g 7N
, Tl RNITL
04 9 size of UFAUNPs @ 4
< /
L Amax=502 nm & 9] 46+04nm <0.8 \/
= 03 g 20 \\
5025 s 0.6
§ o2 /Amax=504 nm %15 \\
So1s 810 0.4
2 01
0.05 8 3 0.2 \
o400 500 600 0 80 0 C 400 450 500 550 600 650 700 750 800
Wavelenght (nm) Wavelength (nm)
D 0.38
0.375
0.37
=]
& 0.365
[
e 036
©
o)
5 0.355
w
Q
< 0.35
0.345
0.34
0.335
400 500 600 700 800 900 1000
Wavelengths (nm)

Figure 2 Characterization of the nanoparticles, (A, above) high-resolution transmission electron micsocope (HRTEM) image (FEl, Tecnai, 280kv), (A, left) absorption
spectra of gold seeds centered at 505 nm, (A, right) size distribution diagram of the gold seeds, (B) UV-Vis spectrum of the gold core nanoparticle growth, (C)
crystallography image of PGNSs acquired by HRTEM presents gold seed (UFAuNPs) decoration on the core gold nanoparticles with an absorbing peak wavelength by (D)

UV-Vis spectroscopy.
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about the monodispersed formation of UFAuNPs without
agglomeration. The PGNS core is shown as the large gold
core nanoparticle (LSAuNPs) as given in Figure 2 (bottom).
The extinction wavelength (Figure 2 (above/right)) result-
ing from the UV-vis spectrophotometer illustrates the
growth stages of the bare gold core. HRTEM images
(Figure 2, bottom/left) (Figure S7) of the PGNSs reveal
the shape and crystallography of the PGNSs showing nano-
particles around 80 nm in diameter. Figure 2 (bottom/right)
shows the UV-vis spectrum of the PGNSs in the ultraviolet-
visible region. PGNSs activation at the 784 nm wavelength

provides evidence of the ability of the nanoparticles to serve
in photothermal medical applications.

Modeling of the Heat Generation During
Plasmonic Photothermal Therapy and
Plasmon—Plasmon Interactions in Different
Nanostructures by COMSOL

In this section, a COMSOL multiphysics program was used
for numerical simulation of the plasmonic photothermal
therapy. The electrical intensity caused by the nanostructures

E
—|=10.4
o
x108
25
20
15
10
E
—|=26.0
20)
-10
x107?
60
50
40
30
20
10
E
—[=353 "
E, K
-20
-30
-40
-50
-60
-70

Figure 3 The predicted numerical modeling of electrical field intensity in terms of laser induced nanoparticles, normalized to the incident field of AuNPs (top), AuNRs

(middle) and PGNSs (bottom) (COMSOL multiphysics).
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Figure 4 The real-time photothermal heating of laser exposed PGNSs, AuNRs and

[1PGNSs @ AuNPs
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N
[y

AuNPs at 300 pg/mL captured by an infrared thermal camera (FLIR i5).

AuNRs X Distilled Water
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175

225 275 325

Time (Sec)

Figure 5 Temperature plots of the nanostructured dispersions (1.03%10'® NPs/mL)

and laser interaction was stimulated in this section. The
plasmonic modeling of PGNSs, AuNRs and AuNPs were
done according to the HRTEM images of the nanostructures
which were previously shown in Figure 3. The image in
Figure 3 reveals the electrical field enhancement of the
nanoparticles which resulted from the local surface plasmon
resonance (LSPR) (|E|). The partial converting of the

exposed to a diode laser (4W/cm?).

electrical field appears in the form of heat in the PPTT. The
|E|

ol ratio and in the case of

results gave information for the

AuNPs (Figure 2, top), the ratio of 10.4 in comparison to 26.0

and 35.3 for AuNRs and PGNSs, respectively (Figure 3,

1EL
|Eo]

of different nanoparticles, the PGNSs allocated the highest

middle and bottom). According to the ratio, in the case
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Figure 6 The cytotoxic effects of the nanoparticles after 12 h and 24 h; (A) fibroblast cells and (B) DLD-1 cells (n=3).
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Figure 7 Apoptosis indexes of DLD-| and fibroblasts cells due to the PPTT mechanism. Different nanostructures were exposed to 808 nm, 650 nm and 532 nm lasers at 4,
2 and | W/ecm? power for; (A) 1.03x10'® NPs/mL, (B) 0.89 x10'? and (C) 2.5%10'" AuNPs/mL concentrations (p < 0.05). Data are presented as mean SD from three
independent experiments. *, ** and *** indicares the apoptosis values differences between PGNSs, AuNRs and AuNPs and laser without nanoparticles.
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|E]

Fol ratio meaning the maximum light-to-heat conversion rate
in comparison to the laser-exposed nanoparticles (AuNRs
and AuNPs). The highest ratio of E was caused by near
field interactions of the localized plasmon—plasmon effect
of gold dots on the surface of the core part and core

nanoparticles.

Heat Produced by Laser Irradiated
Nanoparticles Through Plasmonic

Photothermal Mechanisms

To further investigate the light-to-heat conversion for the
plasmonic photothermal mechanism, the samples were pre-
pared by laser charging 2 mL of 1.03x10'* NPs/mL from
each PGNSs, AuNRs and AuNPs nanostructure formulation
in an Eppendorf tube and recording the real-time values. The
laser power and exposure times are critic factors in plasmonic
photothermal therapy. The results are presented as thermo-
graphy images (Figure 4) captured by an IR thermal camera

(FLIR, FLIR Systems i5, Boston, MA, USA). Laser-
nanoparticle incidence was realized by using a laser at 808-
nm and 4W/cm®. The laser-nanoparticle incidence was
recorded at 60 s each.

The temperature gradient (Figure 5) describes the time-
dependent temperature (T, ) values between the lasers
exposed to the nanoparticles and the ambient temperature
(Tamp)- In Figure 5, ATpgnss=29.8°C by applying a laser
(808 nm, 4W/cm?) at the end of 325 s when the values
were ATaungrs =23.1°C and ATanps =21°C. A negligible
rise in temperature was seen regarding distilled water
(ATpw=3.2°C) with the same laser power and exposure
time.

The lowering temperature at the end of the irradiation
time shows the probable agglomeration and reduction in
nanoparticle photostability. The COMSOL modeling (elec-
trical field enhancement) in terms of PGNSs, AuNRs and
AuNPs (Figure 4) confers the temperature gradient results
from the nanoparticle dispersions (Figure 5).
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Figure 8 Necrosis indexes of DLD-| and fibroblast ells due to the photothermal heat at (A) 1.03x%10'> NPs/mL, (B) 0.89 x10'2and (C) 2.5%10'' AuNPs/mL concentrations

(** p < 0.05). Data are presented as mean SD from three independent experiments.
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In vitro Cytotoxicity of PGNSs

Before applying the photothermal mechanism on the cells, it
was necessary to evaluate the cytotoxicity effects (relative
cell viability %) of the PGNSs on DLD-1 cell and fibroblast
cell lines according to standard MTT measurements. The
assessment was completed after 12 h and 24 h of cell incuba-
tion at different concentrations of PGNSs. Cell viability
results (Table S4 and Figure 6) show acceptable values of
viability as can be seen even after 24 hrs in 300pug/mL of
PGNS incubation where the DLD-1 (89.4%) and fibroblast
cells conserved their high viability (above 94.2% of live
cells). The lower cytotoxic effect of PGNSs demonstrates
initial promise for nanomedicine applications. The 300 pg/
mL concentration can be considered as the toxicity limit for
the biological assays of this study.

Photothermal Therapy Effects on Cells

The DLD-1 and fibroblast cell lines were monitored for
apoptotic and necrotic cell death during PPTT as illustrated
in Figures 7 and 8. Figure 7 demonstrates that apoptosis

occurred for the DLD-1 cells by applying PGNSs with
AuNRs and AuNPs at a 1.03x10"* NPs/mL (300 pg/mL)
concentration. Figure 7A reports apoptosis values when
using a 4 W/cm? laser and 1.03x10'* NPs/mL. The PGNSs
resulted in the highest apoptosis for the DLD-1 cells (at
68.75% of cells undergoing apoptosis) whereas 45.67% and
30.88% were reported for the case of 2 and 1W/cm? laser
powers, respectively. The results highlight the proportional
of laser power to apoptotic cells.

For the fibroblast cells, and at similar conditions of
laser power (4 W/cm?) and nanoparticle concentration
(1.03x10" NPs/mL), the highest apoptosis value (at
41.33%) was reported for the PGNSs group, whereas
30.88% and 19.72% were reported for the case of 2 and
1 W/em? laser powers, respectively. The collective results
showed that the DLD-1 cells were much more sensitive to
photothermal heat generation than fibroblasts.

Further, to investigate the relationship between apopto-
sis and nanoparticle concentration, the PGNSs were incu-
bated with cells at different concentrations at a constant

DLD-1 cells

A) 1x101° PGNSs, 808nm, 4
W/cm? laser
B) 1x101° AuNRs,650 nm, 4
W/cm? laser
C) 1x1013 AuNPs532 nm Laser
D) 1x1013 PGNSs (negative
control) without laser irradiation
E)808 nm, 4 W/cn? laser without
nanoparticles

Figure 9 Representative fluorescent microscope images of the apoptotic DLD-I at (A) PGNSs incubated with laser (808 nm and 4W/cm2), (B) AuNRs incubated with laser
(650 nm and 4W/cm?), (C) AuNPs incubated with lased (532 nm and 4W/cm?), (D) PGNSs inubation without laser exposure, and (E) laser irradiation alone (808 nm and
4W/cm2) without nanoparticles. White arrows present the structural lysis like changes in the cells which are marked for apoptotic cells that are shinny.
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power of laser irradiation. For the PGNSs group in
Figure 7A-C, the results showed 68.75%, 36.58% and
21.12% apoptosis when using laser exposures (4 W/cm?)
at 1.03x10'%, 1.03x10'* and 1.03x10'"' NPs/mL concentra-
tions, respectively. The comparison between apoptosis
caused by PPTT from the PGNSs and AuNPs groups high-
lighted a mildly more lethal effect of AuNPs on DLD-1
cells than PGNSs. For the 4 W/cm? laser power, 37.54%,
26.32% and 15.78% (Figure 6A—C) of cells underwent
apoptosis when exposed to 1.03x10"3, 0.89 x10'* and
2.5x10"" AuNPs/mL concentrations, respectively, which
shows a sensible reduction in apoptosis compared to the
PGNS group. In Figure 7A and for the 1, 3 and 5 series,
68.75%, 52.66% and 37.54% were reported at the
1.03x10'3 NPs/mL concentration of PGNSs, AuNRs and
AuNPs irradiated by a 4W/cm? laser, respectively.
Collectively, the apoptotic DLD-1 cell results (Figure 7)
demonstrate the most effective photothermolysis (cell kill-
ing) for the pimpled gold nanoparticle group which

demonstrated efficient conversion of light to heat for the
PGNSs via PPTT compared to AuNRs and AuNPs.

Necrosis Results for DLD-1 and Fibroblasts

Exposed to Photothermal Therapy

The in vitro toxic photothermal effects of PGNSs, AuNRs
and AuNPs were studied using DLD-1 cells and fibroblast
cells. The results of necrosis (Figure 8) and also that in the
supplementary data (Tables S1-S10) revealed the lethality
of the cells to the present treatments via a necrotic
mechanism. Specifically, Figure 8A—C shows cell death
caused by the different nanoparticles at the 1.03x10'* NPs/
mL (300 pg/mL), 0.89x10'> NPs/mL (200pg/mL) and
2.5x10" NPs/mL (100 pg/mL) concentrations, respec-
tively. According to the graphs in Figure 8A, 26.21, 24.3
and 16.49% (necrosis indexes) for the PGNSs, AuNRs and
AuNPs (300 pg/mL) at different laser powers (4, 2 and 1
W/em?) are reported, respectively. Minor differences in the
results demonstrated that necrosis was low due to the laser

Fibroblast cells

A) 1x101° PGNSs, 808nm, 4
W/cm? laser
B) 1x1013 AuNRs,650 nm, 4
W/cm? laser
C) 1x101> AuNPs532 nm Laser
D) 1x1013 PGNSs (negative
control) without laser irradiation
E)808 nm, 4 W/cn? laser without
nanoparticles

Figure 10 Representative fluorescence microscope images of the apoptotic fibroblast cells at (A) PGNSs and laser (808 nm and 4W/cm?), (B) AuNRs and laser (650 nm
and 4W/cmz), (C€) AuNPs and lased (532 nm and 4W/cm2), (D) PGNSs incubation without laser exposure, and (E) laser irradiation alone (808 nm and 4W/cm?) without

nanoparticles.
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power. For the PGNS group, DLD-1 cell death due to
necrosis for the 1.03x10'3, 0.89x10'2 and 2.5x10'! NPs/
mL concentrations were 26.21%, 22.4% and 14.76%,
respectively, which showed a minor correlation of nano-
particle concentration to necrosis.

The photothermal studies revealed the greatest ability of
the PGNSs to lyse cancer cells compared to AuNRs and
AuNPs with 26.21%, 21.22% and 16.32% necrosis at the
300 pg/mL concentration and 4 W/cm? laser power, respec-
tively. Also, it was observed that necrosis and laser power
have direct correlations wherein at 4, 2 and 1 W/cm? laser
powers, the PGNSs showed 16.6%, 15.76% and 11.4%
necrosis, respectively. Figure 8A further provides informa-
tion concerning the higher sensitivity of the DLD-1 cells to
the toxic photothermal heat generated than fibroblast cells
according to the necrotic cell death indexes. Also, the
PGNSs (300 pg/mL) had the highest necrosis index
(16.6%) compared to the AuNRs and AuNPs groups which

nucleous
damages '3 \
o \
intensive

skeleton
damages

/

50 um

were at 12.2% and 9.4%, respectively. The difference of
necrotic cell death at lower nanoparticle (100pug/mL) con-
centrations for the PGNSs, AuNRs and AuNPs groups were
less (8.5%, 4.18% and 2.8%, respectively) which highlight
the lower necrosis effect of photothermal heat at low con-
centrations of nanoparticles.

Apoptosis in DLD-I and Fibroblast Cells

in Fluorescence Microscope Images

In vitro PPTT experiments and the cell lethality caused by
toxic heat were also observed via fluorescent microscopic
images. Propodium iodide staining was used to provide infor-
mation about DLD-1 cells dying via the apoptosis mechanism
(Figure 9A-F). As stated, apoptosis was correlated to laser
power and nanoparticle concentration. In Figure 9A, the
highest apoptosis occurred for the PGNSs group while mild
apoptosis was shown for the AuNRs and AuNPs (Figure 9B
and C). Figure 9D shows the apoptotic DLD-1 cells for the

v e

» \
: nucleous
. damages

e
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Figure |1 Fluorescence microscope images of DLD-| cells treated with different nanoparticles for (A) PGNSs, (B) AuNRs, (C) AuNPs and (D) without nanoparticles

incubation in the negative control group.
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PGNS:s at its highest concentration (300 pg/mL) without laser
irradiation and Figure 9E shows the apoptotic cells exposed
to an 808-nm laser beam alone (without nanoparticles) (nega-
tive control group). As seen in Figure 9D and E, negligible
apoptosis was detected which provides evidence of the low
hazardous effect of the laser alone and nanoparticle exposure.

Also, Figure 10A—E shows the apoptotic fibroblast cells
results through PPTT. As shown in Figure 10A, PGNSs were
highly effective for killing cells via the plasmonic photother-
mal therapy mechanism (with more bright spots showing
apoptosis in cells) compared to the AuNRs and AuNPs
with an obvious lower apoptosis index (lower amount of
bright spots).

Figure 10A—C shows fluorescent microscopy images of
apoptotic fibroblast cells treated with PGNSs, AuNRs and
AuNPs. Figure 10D shows the apoptosis of fibroblast cells
without laser exposure and Figure 10E shows the apoptotic
photothermal ablation in fibroblast cells under laser exposure
alone (negative control group). The high apoptosis indexes for

the DLD-1 cells identified the high sensitivity of DLD-1 cells
against the toxic heat of PPTT generated by PGNSs compared
to fibroblast cells (the values in Figures 7, 9 and 10). This can
be explained since the highest cell lethality occurred for the
PGNSs group (Figure 10A) followed by AuNRs (Figure 10B)
and AuNPs (Figure 10C). Additional data concerning apopto-
sis and necrosis of DLD-1 cells at various nanoparticle con-
centrations are included in the supplementary data section
(Figure S5).

The simultaneous staining of cells revealed detailed
information about the structural damage in the cells PPTT
exposure. Fluorescent microscope images of DLD-1 cells
(Figure 11) showed severe heat damage towards F-actin
filaments in the cytoskeleton during PPTT.

The obvious destructive effects of PGNSs can also be
seen in Figure 11A. The remarkable nucleus and cellular
skeleton disintegration (serious irreversible damage) dur-
ing PPTT heat can be clearly seen. Sensible changes, such

(karyolitic), (pyknosis) and

as fading

shrinkage

Figure 12 Tissue morphology changes by PPTT and pathology observations in hematoxilin and eosin (H&E) stained chicken breast at different tissue penetration depths for
the (A) negative control group without nanoparticle treatment (total depth of speciment), (B) PGNSs treated tissue in a 100 um thickness slice (532 nm laser with the same
power mentioned above), (C) a 200 pm thickness inside the tissue, and (D) thickness of 900 pm inside the tissue (scale bar 50 ym). The black arrows (B) describe the
degenerative changes in the structure of tissue, that used the PGNSs in the PPTT, and the black arrows (C) shows a rear side image of the tissue which represent no

significant structural damage.
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karyorrhexis, in the nucleus and also swelling and frag-
mentation between the skeleton and nucleolus are shown
which are common effects due to toxic heat are during
PPTT (Figure 11). In Figure 11B in terms of the AuNR
group, the cell compartments experienced less degenera-
tion (irreversible changes) than for the PGNS group.
Photothermal therapy induces different types of cell
damage including low damage levels (reversible) stretch-
ing to serious injuries (irreversible). Here, the AuNPs
created reversible heat damage (Figure 11C) whereas the
PGNSs produced remarkable cell lysis (Figure 11A).
Figure 11D shows the changes in the negative control
group with laser alone exposure without nanoparticles
where considerable changes in both the cellular skeleton
and nucleus were not observed. This illustrates the lack of
cell damage when the laser is used alone in photothermal
therapy.

Chicken Breast as a 3D Model for Laser

Penetration

In this section, the laser—tissue interactions (nanoparticles
with the laser energy) were determined to see the injury
and structural changes in tissue caused via PPTT. The
PGNSs (300 ug/mL, 200 uL) were inserted ex vivo into
chicken breast tissue (a 3D physical model) (Figure 12).
A laser beam was then applied to the target point. In the
next step, pathology staining was completed in order to
determine the most efficient laser penetration depth using
the PPTT technique.

Figure 12A shows the structural changes in tissue created
by laser beam exposure without nanoparticle administration.
In Figure 12A and in the laser/tissue pinpoint tissue, minimal
damage was observed for the laser without nanoparticles even
at full tissue depth (penetration to 1.2 mm). For the micro-
scopic observations in Figure 12B, serious damage to the

Figure 13 Chicken breast tissue (3D phantom) as a model to study the structural changes in laser/nanoparticle interactions per effective penetration depth in the (A)
negative control group with laser exposure and without nanoparticles at a (B) depth of 0.6 cm, (C) 2.0 cm and (D) 3.0 cm in the tissue.
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tissue slice (100 um depth) could be seen in the region of the
laser/nanoparticle (PGNSs) interaction. At depths of 200 um
inside the tissue (Figure 12C), no changes occurred due to
PPTT, and in Figure 12D, no obvious structural changes in the
rear side of the tissue at a depth of 500 um with laser were
observed. According to Figure 12, in spite of the high energy
of the 532 nm laser (due to the restricted light penetrating
power of the 532 nm wavelength), negligible heat damage
appeared up to 100 um. So, for the PGNSs treated condition,
its penetration depth was limited by hundreds of micrometers
inside the tissue.

The pathological observations given in Figure 13 reveal
the structural changes of the tissue in the laser-exposed (808-
nm, 4W/cm?) PGNSs region. Figure 13A shows the negative
control group in the chicken breast tissue irradiated by the
laser alone (without nanoparticle administration) at a depth
of 5 mm. The microscopic image demonstrates no remark-
able changes in the tissue by the NIR laser (808-nm).

In Figure 13B, the breast tissue was sectioned by 0.6 cm
slices and exposed to a laser in the presence of PGNSs. As

seen in Figure 13B, mild degenerative changes occurred in
the muscle filaments and thermal effects were seen. The
structural changes in Figure 13C were less than the pathology
observations (at the depth of 2.0 cm). Figure 13D relates to
the pathological observations at 3.0 cm depths via PGNSs/
laser interaction. As seen in image 13C and D, and in spite of
the higher penetration depth of the 808-nm laser (and its
much lower energy compared to the 532-nm laser), no
remarkable damage per greater tissue depth was observed.
Finally, the pathological observations confirmed no irrever-
sible damage to the tissue (Figure 13A, C and D) but, con-
versely, irreversible muscle filament defects could be seen
due to photothermal damage (Figure 13B).

Photothermal Effects on Non-Living
Physical Model of Liver Tumors

In this section, the potentially damaging effect of PPTT
(laser exposed PGNSs) was studied. Structural changes
using a tumor tissue model were observed besides further
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Figure 14 The pathological observations in the laser exposed tumor tissue after H&E staining; (A) the negative control group without laser exposure and with PGNSs (scale
bar 50 uym), (B) 1.0 cm tissue depth with PGNSs and laser exposure (scale bar 100 pm), (C) 2.0 cm tissue depth with PGNSs and laser (scale bar 100 ym), (D) 3.0 cm tissue
depth with PGNSs and laser (scale bar 10 uym), (E) 4.0 cm tissue depth with PGNSs and laser (scale bar 50 pm) and (F) pathology image of the tissue at a 4.3 cm depth (side

of tissue, scale bar 50 ym).
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PPTT damage. After surveying the damaging effects of
PPTT using an 808-nm laser in the presence of PGNSs
(chicken breast tissue), investigations continued by under-
standing the changing effects of PPTT in this novel tumor
model (Figure 14).

Figure 14A illustrates the pathology of a negative con-
trol group neither exposed to a laser or PGNSs. Figure 14B
demonstrates the structural changes created by PPTT heat
damage in a tumor slice sectioned 1.0 cm inside the tissue.
The microscopic pathology results identified serious degen-
erative damage (burn like) in the nanoparticle accumulated
region. Other parts of the tumor tissue in Figure 14B were
affected with heat produced by photothermally but in the
form of reversible changes. Figure 14C shows the tissue
changes at a depth of 2.0 cm of tissue slices. In Figure 14D,
E and F, in much deeper slices (more than 3 cm), no
remarkable damage was observed revealing no significant
changes in tissue structure due to the laser and nanoparticle
combination.

Conclusions

A new means of alternative cancer therapeutic complemen-
tary techniques called “plasmonic photothermal therapy” is
emphasized here to synthesize effective nanostructures with
significant improvements in regards to light and heat conver-
sion used for cancer treatment. In the present study, efficient
morphologies of gold nanoparticles termed “pimpled gold
nanoparticles (PGNSs)” were formulated and studied.
According to the thermography results with nanoparticles,
numerical studies with nanoparticles determined electrical
field enhancement (E) clearly showing the ability of a laser
to convert light to heat for the PGNSs. Experimental assess-
ment and theoretical studies (modeled using COMSOL) of
the PGNSs under PPTT were conducted. Thermography
experimental results of PPTT and the nanoparticle phantom
identified the highest temperature change for the PGNSs
group (AT=29.8°C) following the COMSOL numerical
model. The highest cell viability percentage, when exposed
to the nanoparticles (more than 93%), was determined by
MTT assays at the highest concentration. PPTT results were
obtained through in vitro assessment which revealed
a significant apoptosis index (~70% apoptosis for PGNSs
compared to 53% in AuNRs for the DLD-1 cell line). In
pathological observations using an ex vivo tissue model, due
to the high energy of a 532-nm laser, its penetration only
reached hundreds of micrometers but induced serious
damage to the region of interest. For the 808-nm laser/
PGNS combination, obvious thermal damages were seen at

depths higher than 2.0 cm which confirmed the robust diffus-
ing power of an 808-laser and its interaction with PGNSs
through PPTT, which can be a promising candidate for future
anti-cancer medical applications with great benefits.
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