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ABSTRACT: Phototherapies are promising for noninvasive treatment of ()

aggressive tumors, especially when combining heat induction and oxidative FJVL,\

processes. Herein, we show enhanced phototoxicity of gold shell-isolated ) Caco» lipd extract monolayer undler imadiation
|

colorectal tumor cells (Caco-2) with synergic effects of photothermal (PTT) and
photodynamic therapies (PDT). Mitochondrial metabolic activity tests (MTT)
performed on Caco-2 cell cultures indicated a photothermal effect from 7
AuSHINRs owing to enhanced light absorption from the localized surface }
plasmon resonance (LSPR). The phototoxicity against Caco-2 cells was further ™

nanorods conjugated with toluidine blue-O (AuSHINRs@TBO) against human \ \ ) / (20380 42884 Sy e,

increased with AuSHINRs@TBO where oxidative processes, such as hydro- AN - y mC
peroxidation, were also present, leading to a cell viability reduction from 85.5 to  Human colorectl p & J

39.0%. The molecular-level mechanisms responsible for these effects were
investigated on bioinspired tumor membranes using Langmuir monolayers of
Caco-2 lipid extract. Polarization-modulation infrared reflection—absorption spectroscopy (PM-IRRAS) revealed that the
AuSHINRs@TBO incorporation is due to attractive electrostatic interactions with negatively charged groups of the Caco-2 lipid
extract, resulting in the expansion of surface pressure isotherms. Upon irradiation, Caco-2 lipid extract monolayers containing
AuSHINRs@TBO (1:1 v/v) exhibited ca. 1.0% increase in surface area. This is attributed to the generation of reactive oxygen
species (ROS) and their interaction with Caco-2 lipid extract monolayers, leading to hydroperoxide formation. The oxidative effects
are facilitated by AuSHINRs@TBO penetration into the polar groups of the extract, allowing oxidative reactions with carbon chain
unsaturations. These mechanisms are consistent with findings from confocal fluorescence microscopy, where the Caco-2 plasma
membrane was the primary site of the cell death induction process.

KEYWORDS: gold shell-isolated nanorods (AuSHINRs), toluidine blue-O (TBO), human colorectal tumor cells (Caco-2),
photodynamic therapy (PDT), photothermal therapy (PTT)
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Bl INTRODUCTION AuNRs, though, lies in their instability in serum or blood
environments.'® This instability can lead to dissociation and
aggregation, reducing their photothermal effectiveness in
biological media depending on the ion concentration and
pH."”"® This limitation can be circumvented by coating the
AuNR with a silica shell, generating gold shell-isolated
nanorods (AuSHINRs)."” The silica coating stabilizes the
nanorods while also preserving their biocompatibility and
hydrophilicity, ensuring chemical robustness and transparency

Gold nanorods (AuNRs), with their elongated axis design, are
potent photothermal agents in photothermal therapy (PTT)
due to their unique optical properties. This is primarily due to
their adjustable localized surface plasmon resonance (LSPR)
that enhances light absorption.' ™ LSPR relates to the
collective oscillation of conduction band electrons within the
metal, resulting in localized heating around the nanorod.® This
heat generation is crucial in PTT, particularly in treating
tumors. When the temperature is elevated to the 40—47 °C,

rapid cellular destruction occurs,”” offering an approach for Received: February 7, 2024
targeting hypoxic tumors that are often resistant to conven- Revised:  April 9, 2024
tional treatments.®”'> This thermal-induced damage is Accepted:  April 10, 2024

comprehensive, leading to irreversible effects like membrane
plasmolysis, breakdown of vital proteins, and DNA alter-
ations.””™"> The difficulty in the extensive clinical use of
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to visible and near-infrared light, without altering the original
plasmonic properties of the AuNRs significantly.” >’

Photothermal effects can be combined with photodamage of
biological structures akin to photodynamic therapy
(PDT).”*"** The noninvasive nature of PDT provides a
therapeutic benefit, without relying on molecular internal-
ization,” through the interplay of three key elements:
photosensitizers (PSs), oxygen present in cells, and a source
of light for irradiation.”*™”® PSs, upon excitation by a specific
light wavelength, transfer a portion of their absorbed energy to
oxygen molecules, thus generating reactive oxygen species
(ROS).” Two distinct pathways, known as type I and type I
reactions, define these interactions.®” Type I reactions involve
the transfer of electrons from excited PSs to *O,, forming free
radicals such as hydroxyls (OH™), superoxides (O, *) and
hydrogen peroxide (H,0,).”"*” Type II reactions transfer
excitation energy, creating singlet oxygen ('O,), which is more
cytotoxic and reactive toward cellular structures.’”** This
makes the type II pathway preferred in PDT studies.”
Additionally, the short lifetime of 'O, in biological systems
(<0.04 us) and their limited action radius (<0.02 gm) enable
localized therapeutic action. In this context, toluidine blue-O
(TBO) is distinguished as PS owing to its high quantum yield
(®,) of 'O, generation (®,'0, = 0.86), alongside its low
excitation energy requirement (4 = 630 nm), minimal toxicity
to mammalian cells and hydrophilic properties.**”

In order to combine PTT and PDT, we produced a
composite of AuSHINRs conjugated with TBO (AuSHINRs@
TBO), aiming to enhance their effectiveness in cancer
treatment. We employed human colorectal tumor cells
(Caco-2) as therapeutic target, considering the high mortality
rate and aggressive nature of colorectal cancer.’® Additionally,
there is a noticeable scarcity of research into the synergistic
effects of photodynamic and photothermal therapies on such
malignancies. Achieving a detailed understanding of the
molecular effects induced by hyperthermia and photooxidation
is crucial in this context. Hence, this study primarily focused on
determining the molecular-level interactions and photoinduced
effects of AuSHINRs@TBO on the plasma membrane, which
is a critical target and barrier in therapeutic applications. Lipid
extracts isolated from Caco-2 cell cultures were assembled in
Langmuir films as a model system to mimic tumor membranes.
The lipid composition of Caco-2 reflects typical characteristics
of colorectal tumors, mainly composed of phosphatidylcho-
lines, phosphatidylethanolamines, and sphingomyelins.”” Var-
iations may exist depending on the origin of the tumor, the
microenvironment, and metabolic status.”” Evidence of
AuSHINRs@TBO adsorption was provided by surface
pressure isotherms, while the molecular-level interactions
were investigated with polarization-modulation infrared
reflection—absorption spectroscopy (PM-IRRAS). Experi-
ments with Caco-2 in vitro cell cultures demonstrated that
AuSHINRs@TBO are highly efficient in reducing cell viability
upon light irradiation. As we shall demonstrate, the TBO-
conjugated nanorods enhanced the generation of ROS toward
the convergence of photothermal effects and oxidative
reactions, which is promising for a potent and targeted
therapeutic impact against cancer cells.

B MATERIALS AND METHODS

Preparation and Characterization of Gold Shell-Isolated
Nanorods Conjugated with Toluidine Blue-O (AuSHINRs@
TBO). Gold nanorods (AuNRs) were synthesized using a well-

established method,*' where colloidal seeds were made by mixing 10
mL of CTAB at 0.1 mol/L with 50 yL of HAuCl, at 0.05 mol/L in a
beaker. This mixture was stirred at 28 °C until it turned yellow.
Subsequently, the stirring was intensified, and 600 uL of NaBH, at 10
mmol/L was introduced, resulting in a change of the colloid color to
yellow-brownish. The obtained seeds were kept untouched for a while
prior to use. For the growth of the seeds, 20 mL of CTAB at 0.1 mol/
L, 70 uL of AgNOj; at 4 mmol/L, 200 uL of HauCl, at 0.0S mol/L,
and 200 uL of ascorbic acid at 0.1 mol/L were sequentially added. 48
uL of the prepared seeds were introduced into this solution. The
reaction was completed in about half hour, resulting in a dark blue
colloid. The AuNRs colloid was left undisturbed for 24 h hidden from
the light at room temperature. Gold shell-isolated nanorods
(AuSHINRs) were obtained by alkalizing the AuNRs colloid with
the addition of NaOH at 1 mol/L until the pH reached 10.5. The
resulting colloid was then poured to a flask and vigorously stirred at
28 °C. Three 300 L volumes of TEOS (20% v/v in methanol) were
added every 30 min, with the colloid stirred for 24 h. In parallel, a
silica-TBO precursor was grepared, following the methodology
described by Grandi et al.** In brief, 1.69 X 10~° mol of TBO
(16.92 mL of 1 X 107° mol/L) was mixed with 1.69 X 10> mol of 3-
(triethoxysilyl)propyl isocyanate (42 uL of 4 mol/L) in a flask under
vigorous stirring for 24 h. AuSHINRs conjugated with TBO
(AuSHINRs@TBO) were obtained by mixing 1.7 mL of the silica-
TBO precursor with 10 mL of the AuSHINRs (3.6 x 10"
nanoparticles/mL) colloid, allowing the mixture to stir for 30 min.
A final silica shell was placed with additions of S0 L TEOS (20% v/v
in methanol) at 30 min intervals, during vigorous stirring for 24 h.

The synthesized AuSHINRs@TBO underwent three cycles of
centrifugation at 12000 rpm for 10 min each to eliminate excess of
CTAB. At every cycle, the sedimented particles were resuspended in
ultrapure water, while the supernatant was discarded. Table SI lists
the hydrodynamic diameters (nm) obtained from dynamic light
scattering (DLS) for each rinsing step. Characterization of AuNRs,
AuSHINRs, and AuSHINRs@TBO involved UV—Vis absorption
spectroscopy (Agilent Cary 60), { potential (Malvern Panalytical,
Zetasizer Nano $90), fluorescence (630 nm, Renishaw in-ViA), and
transmission electron microscopy (120 kV FEI Tecnai). The
photothermal efficiency of the AuSHINRs and AuSHINRs@TBO
was evaluated by photoactivating the colloid at 630 nm with 20 mW/
cm? LED source (BioLambda).

Caco-2 Cell Culture. Human colorectal carcinoma (Caco-2, ref
0059) cells were purchased from the Cell Bank of Rio de Janeiro (R],
Brazil), cultured in RPMI medium (ref 23400021, Gibco) containing
antibiotic-antimycotic (ref 15240—062, Thermo), supplemented with
10% v/v of fetal bovine serum (FBS; ref 0521-500, Cultilab,
Campinas, SP, Brazil), and grown in T-75 cm?® flasks (ref 3290,
Corning Glass Works, Corning, NY). The cells were manipulated in a
sterile environment, and the incubation conditions were kept at 37 °C
and 5% of CO,. The cellular cultivation involved media replacement
with RPMI every 48 h and passaging once a week when cell
confluency reached a minimum of 80%. Cells were rinsed with S mL
of phosphate-buffered saline (PBS), detached from the T-flask using 1
mL trypsin, and then plated in a 96-well plate for 24 h to achieve a
confluency of >80%. The remaining harvested cells were transferred
to a new T-flask containing fresh media for ongoing cultivation. Cell
viability was assessed through the mitochondrial metabolic activity
(MTT) assay [3-(4,S-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] (reference: M2003; Sigma-Aldrich). The Caco-2 cells
seeded in 96-well plate underwent incubation with different
proportions of AuSHINRs and AuSHINRs@TBO (ranging from
1:7, 1:8, 1:9, to 1:10 v/v in culture medium) for 1 h. Cells cultured in
the absence of nanoparticles were designated as the 100% viable
cellular control (CC), and the introduction of hydrogen peroxide was
employed as the death control (DC). The Caco-2 culture was
irradiated for 1 h using the LED system (BioLambda) connected to a
digital controller, set at 640 nm and 20 mW/ cm?. Irradiated cells in
RPMI (without AuSHINRs) were designated as the cellular light
control (LC). The culture medium was then replaced by PBS and
gently washed, followed by incubation (40—60 min) with 0.5 g/L of
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Figure 1. (a) UV—Vis spectra of AuNRs, AuSHINRs, and AuSHINRs@TBO, all diluted in ultrapure water (1:1 v/v). (b) TEM images captured
for (i) AuNRs, (ii) AuSHINRs, and (iii) AuSHINRs@TBO. (c) Fluorescence spectrum of AuSHINRs, TBO (10~ mol/L) solution, and
AuSHINRs@TBO suspension, respectively. The Inset shows the photoinduced heating of AuSHINRs and AuSHINRs@TBO at a 630 nm LED

source (20 mW/cm?).

MTT. Dimethyl sulfoxide (DMSO) at 50 X 10~ L was added to the
wells to solubilize the formazan crystals, and absorbance was
performed using a Multiskan FC microplate photometer at 560 nm.

Caco-2 Lipid Extraction. The cells were detached and collected
using trypsin (4 min at 37 °C), and then separated into Falcon tubes
for centrifugation at 1500 rpm for S min. After the supernatant was
removed, 1 X 107 L of ultrapure water was added and submitted to
vortex for 10 min. Subsequently, 4 X 107> L of chloroform were
added, and the mixture was subjected to an additional 10 min of
vortex stirring and 30 min of sonication. The resulting solution
formed two distinct phases, one consisting of water-soluble cellular
components and the other containing chloroform-soluble fragments.
The earlier was discarded, leaving only the chloroform phase enriched
with Caco-2 lipid structures. The final solution was transferred to a
glass vial and stored in an —20 °C freezer.

Langmuir Monolayers and Characterization of Caco-2 Lipid
Extract. Langmuir monolayers of Caco-2 lipid extract were assembled
using a KSV-NIMA (KN1002, Biolin Scientific) trough by spreading
the lipid extract solution on a subphase of a phosphate-buffered saline
(PBS) solution (pH 7.4). The initial concentration of the
AuSHINRs@TBO colloid was doubled, followed by cospreading
with Caco-2 lipid extract in varying fractions of 10:1, S:1, and 1:1 v/v
(Caco-2: AuSHINRs@TBO). Prior to the beginning of each
experiment, the solvent was left to evaporate for 10 min and the
subphase temperature was kept at 21 °C using the ultrathermostatic
bath (SolidShell SSDu—10 L). Surface pressure () versus area (A)
isotherms were obtained through the Wilhelmy method, employing a
platinum rod, during the symmetric closing of the barriers at S mm/
min.* To ensure reproducibility within +2 mN/m, at least 3
experiments were conducted for each 7—A isotherm. Irradiation
experiments were conducted at a surface pressure of 30 mN/m with a
630 nm (20 mW/cm?) LED (BioLambda) installed 20 cm over the
Langmuir films. PM-IRRAS measurements were carried out in a KSV

PMISS0 (KSV, Finland) trough, with spectra recorded for neat Caco-
2 lipid extract and Caco-2: AuSHINRs@TBO (1:1 v/v) monolayers
at 30 mN/m, both before and after irradiation. Spectra reproducibility
was ensured to attribute band shifts to AuSHINRs@TBO adsorption
and subsequent photooxidation rather than variability in the results.
Brewster angle microscopy (BAM) images were captured by using an
Accurion (Nanofilm EP4) microscope coupled to the Langmuir
trough. This setup allowed real-time evaluation of extract domains on
PBS, in the presence and absence of AuSHINRs@TBO (1:1 v/v of
Caco-2 lipid extract).

B RESULTS AND DISCUSSION

Gold Shell-lIsolated Nanorods Conjugated with
Toluidine Blue-O (AuSHINRs@TBO). Figures 1lab display
the UV—Vis extinction spectra and transmission electron
microscopies (TEM) of AuNRs, AuSHINRs, and AuSH-
INRs@TBO, respectively. The initial extinction band at 524
nm refers to the transversal localized surface plasmon
resonance (LSPR), while the band at 638 nm is assigned to
the longitudinal LSPR.*""**** The length (L) and width (W) of
the nanorods were measured from the TEM images in Figure
S1, yielding an aspect ratio (AR = L/W) close to 1.9. The latter
is coherent with the longitudinal band absorption in red light
(~630 to 660 nm),*"*** within the targeted therapeutic
window.***® With silica coating, the longitudinal LSPR shifts
from 638 to 649 nm owing to a change in the refractive index
of AuSHINRs.*"*~* Conjugation with toluidine blue-O
(TBO) did not induce a displacement in the extinction
spectra. However, the final silica coating caused a slight shift in
the longitudinal LSPR to 652 nm. The { potential in Table 1
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Table 1. { Potential and Average Silica Shell Thickness of
AuSHINRs and AuSHINRs@TBO

¢ potential average silica thickness by TEM
nanostructures (mV) (nm)
AuSHINRs +25 + 1 S§=15+2
AuSHINRs@TBO +29 £ S SS=24+1

increased from +25 mV + 1 for AuSHINRS to +29 mV =+ § for
AuSHINRs@TBO owing to the conjugation with the cationic
TBO. As evidenced in other studies, the second silica layer
diminishes the impact of the charoge, resulting in small
differences between the two samples.”’ >

Figure lc shows the fluorescence spectra of TBO (107°
mol/L), AuSHINRs, and AuSHINRs@TBO. While the exact
concentration of TBO conjugated to the AuSHINRs is
unknown, it is reasonable to presume that it must be below
1078 mol/L, as this was the initial concentration employed for
the conjugation process. Due to conjugation, the TBO
emission shifts from 672 to 665 nm, and the fluorescence
intensity of AuSHINRs@TBO increased notably. This surface
enhancement™* can be attributed to the enhanced electro-
magnetic environment near the metal surface, resulting in
intensified fluorescence signals. The inclusion of a silica layer
mitigates quenching by establishing a suitable distance between
the dye and the metal.”**°~*® Therefore, the surface-enhanced
fluorescence (SEF) further supports the successful conjugation
of TBO with AuSHINRs. The inset in Figure lc depicts the
heat conversion of AuSHINRs@TBO under irradiation,
reaching a plateau in the temperature at approximately 11
°C. A comparison with the heat conversion capacity of
AuSHINRs without TBO reveals a similar increase in
temperature, confirming that the conjugation with TBO and
the addition of an extra silica shell did not compromise the
photothermal efficiency of the AuSHINRs.>”

AuSHINRs@TBO Incorporation into Caco-2 Langmuir
Monolayers. The 7—A isotherms of Caco-2 lipid extract,
AuSHINRs@TBO, and Caco-2: AuSHINRs@TBO mixtures

(10:1, 5:1 and 1:1 v/v) on PBS are displayed in Figure 2a.
AuSHINRs@TBO on PBS was surface active owing to the
salting-out effect.”’ According to Table 2, increasing the

Table 2. Relative Shifts in Area Per Lipid [(A — A,)/4,] X
100 Induced by Incorporation of AuSHINRs@TBO“

extract/nanostructures ratio relative shift [(A — Ay)/Ap] X 100

Caco-2/AuSHINRs@TBO (10:1) 0.3% + 1.6
Caco-2/AuSHINRs@TBO (5:1) 112% + 1.6
Caco-2/AuSHINRs@TBO (1:1) 57.1% + 2.3

“A, is the extrapolated area at 30 mN/m on PBS, and A is the
corresponding extrapolated area in the presence of AuSHINRs@
TBO.

volume of the colloid within Caco-2 mixed films causes a shift
in the 7—A isotherms toward larger molecular areas, indicating
incorporation of AuSHINRs@TBO. Earlier investigations
suggested that incorporation of AuSHINRs™ and TBO®
into bioinspired membranes is driven by attractive electrostatic
interactions with negatively charged groups in the phospho-
lipid polar heads. Nontumoral cell membranes are asymmetric,
with phosphatidylcholines (PC) predominantly in the outer
leaflet and phosphatidylserines (PS) primarily located in the
inner leaflet.’’ In tumoral cells, this inherent asymmetry is
disrupted, as PS is also in the outer leaflet of the cell
membrane.””"** PS typically bear negative charges in their
polar region, stemming from phosphate and carboxylic groups,
potentially favoring attractive forces with AuSHINRs@TBO (¢
= +29 mV). Nevertheless, the presence of positively charged
groups in the lipid extract may also play a role and hinder
adsorption of nanorods onto membranes due to repulsive
forces.>

Figure 2b shows BAM images for neat Caco-2 lipid extract
monolayers and those containing AuSHINRs@TBO (1:1 v/v
Caco-2 lipid extract). Our focus was on the highest proportion
of conjugated nanostructures, chosen for its noteworthy
isotherm displacements. In Caco-2 monolayers, no distinction

(a) m-A isotherms

(b) BAM images
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Figure 2. (a) 7—A Isotherms of Caco-2 lipid extract, AuSHINRs@TBO colloid, and Caco-2: AuSHINRs@TBO mixtures (10:1, 5:1 and 1:1 v/v)
on PBS (b) Brewster angle microscopy (BAM) images registered at 0 and 30 mN/m for (i), (ii) Caco-2 lipid extract, (iii), and (iv) Caco-2:

AuSHINRs@TBO mixtures (1:1 v/v).
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Figure 3. PM-IRRAS spectra recorded for neat Caco-2 lipid extract and cospread AuSHINRs@TBO: Caco-2 (1:1 v/v) monolayers before and after
irradiation. The measurements were carried out on the PBS subphase at 30 mN/m. The spectra were split to highlight the vibrational modes of the

(a) polar heads and (b) aliphatic chains.

was observed between 0 and 30 mN/m, suggesting that extract
heterogeneity does not adversely affect molecular accommo-
dation, even under high packing conditions. At 0 mN/m, films
containing AuSHINRs@TBO showed no discernible morpho-
logical difference, suggesting they do not induce self-
aggregation or organizational changes in lipid structures.
However, as the pressure increased up to 30 mN/m and the
films became more tightly packed, significant domains
emerged, indicating that AuSHINRs@TBO alter the initial
organization of lipid molecules. These molecular-level
interactions were investigated via PM-IRRAS, as discussed
later on.

Figure 3 displays the PM-IRRAS spectra recorded for neat
Caco-2 lipid extract and the cospread AuSHINRs@TBO:
Caco-2 (1:1 v/v) monolayers. The assignments of the main
vibrational modes and the shifts caused by AuSHINRs@TBO
are listed in Table 3. The hydrophilic groups show more

Table 3. Assignments of the Principal Vibrational Modes of
Neat Caco-2 Lipid Extract Monolayers and Shifts Induced
upon AuSHINRs@TBO (1:1 v/v) Incorporation and
Irradiation

Caco-2 lipid extract monolayers

assignments neat + AuSHINRs@TBO
nonirradiated irradiated
8 (NH;3") ocking + 0(CN) 912
v,s CN*(CH;), 978
v, (C—0-PO,") 1043 1023 1021
o, (PO,”) 1096 1104 1098
0, (PO,7) 1236 1226 1242
5, (CH,) 1376 1376 1362
5(H,0) 1598 1626 1609
1632 1633
v (C-0) 1723 1728 1726
1748 1748 1752
v, (CH,) 2846 2851 2846
v, (CH,) 2920 2920 2920
v,, (CH,) 2954 2952
v (HC=CH) 3001

pronounced alterations in Figure 3a owing to a larger nanorod
insertion compared with the aliphatic chains. For instance,
there were significant effects on the phosphate groups, with
0,,(C—0—PO,") at 1043 cm™, v,(PO,”) at 1096 cm™, and
0,(PO,7) at 1236 cm™ shifting to 1023, 1104, and 1226 cm ™,
respectively. Comparable shifts were reported for synthetic
monolayers on AuSHINRs colloidal suspension® and TBO
subphase,”’ ascribed to the electrostatic nature of adsorption.
The shift of v,(PO,”) to lower wavenumbers implies
hydration of the phosphate groups in the films.”> Additionally,
modifications in the v,(C—O—PO,”) group were accom-
panied by a large increase in the band intensity in the presence
of AuSHINRs@TBO, indicating changes in the molecular
organization. A similar effect was observed for the
0,,(CN*(CH,);) band at 978 cm™', which was no longer
discernible in the Caco-2 film containing AuSHINRs@TBO.
The region between 1600 and 1700 cm™" characterizes water
interface reflectivity.”*®” The carbonyl ester band initially
appears as a doublet at 1723 and 1748 cm™', representing
hydrated and nonhydrated stretching, respectively. Upon the
incorporation of AuSHINRs@TBO, there is an increase in
relative intensity at 1748 cm™', indicating dehydration of the
monolayer.

The incorporation of AuSHINRs@TBO induced minimal
changes in the aliphatic chain, as shown in Figure 3b. A slight
modification was observed in the v,(CH,) band, shifting from
2846 to 2851 cm™'. The v,(CH,) and v,,(CH,) intensity ratio
(I/I,) increased from 0.66 to 0.84, indicating a decrease in the
order of hydrocarbon chains, while the v,,(CH;) band at 2954
cm™! was no longer observed. Therefore, the insertion of
AuSHINRs@TBO is primarily governed by electrostatic
interactions with the polar region of the Caco-2 monolayer,
as repulsive forces from cationic groups, such as choline,
prevent deeper penetration. The attractive forces with
phosphate groups leading to adsorption onto the monolayer
induce dehydration of carbonyl groups and alterations in
aliphatic chain ordering, as indicated in Figure 4b.

Photoinduced Effects of AuSHINRs@TBO on Caco-2
Lipid Extract Monolayers. The impact of AuSHINRs@TBO
(1:1 v/v) on Caco-2 lipid extract monolayers under light
irradiation was assessed by measuring the relative surface area
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Figure 4. (a) Relative area (A/A,) progression of irradiated and nonirradiated Caco-2: AuSHINRs@TBO (1:1 v/v) monolayers recorded at 30
mN/m. (b) Schematic representation of the photooxidation mechanism of AuSHINRs@TBO in Caco-2 lipid extract monolayers.

progression (A/A,) at a constant pressure of 30 mN/m, as
depicted in Figure 4a. While irradiation alone did not cause a
significant effect on neat Caco-2 monolayers, an area decrease
was observed for nonirradiated monolayers owing to the
material loss attributed to the uncontrolled oxidation with
reactive oxygen species (ROS) in the environment.”® The rate
of material loss decreased upon irradiation, indicating an
increased stability of the monolayers. The difference between
the irradiated and nonirradiated (A) curves suggested a
general increase in the area occupied by the extract by ca. 1.0%.
AuSHINRs sustain localized surface plasmon resonance
(LSPR) upon near-infrared light excitation, leading to a
localized temperature increase resulting from the collective
oscillations of electrons.’ In a previous work, we showed that
irradiated AuSHINRs generate excited electrons that sub-
sequently decay into hot electrons, sensitizing molecular
oxygens (O,) and initiatin% the production of ROS by either
energy or electron transfer.”” Furthermore, TBO initiates type
II reactions, producing singlet oxygen ('O,) capable of creating
hydroperoxide groups in the vicinity of phospholipid
unsaturation.’”®”’? Therefore, the synergistic effect of
AuSHINRs and TBO upon irradiation is expected to enhance
ROS generation including 'O,. This can lead to hydro-
peroxidation reactions, aligning with the observed increase in
surface area of the irradiated monolayers containing AuSH-
INRs@TBO. Such area increase, while not highly significant, is
likely attributed to the inherent complexity of the cell extract.
Similar challenges have been documented in recent studies
involving tumor lipid extract monolayers, where obtaining
more pronounced effects proved intricate.”””* An illustrative
model of the binding mechanism and impact of the
photoreaction is presented in Figure 4b.

Irradiation of Caco-2 lipid extract monolayers containing
AuSHINRs@TBO (1:1 v/v) causes significant changes in the
PM-IRRAS, especially in the head groups, as shown in Figure
3. For example, the v,,(C—O—PO,") band persisted at 1021
cm™, while v (PO,") returned to its original vibration at 1098
ecm™'. A distinct vibrational group emerged at 912 cm,
corresponding to the NH;" rocking and C—N stretching mode,
characteristic of phosphatidylserines.”” The CHj; bending
shifted from 1376 to 1362 cm™'. The phosphate group
previously at 1226 cm™" split into two bands at 1211 and 1242
cm™!, related to the hydration and dehydration of these
groups, respectively. Furthermore, the vibrational mode
associated with hydrated carbonyl becomes more pronounced

at 1726 cm™'. In the aliphatic groups, changes in the
vibrational maximum are limited to the reappearance of the
CH, band at 2952 cm™. The v,(CH,) and v,,(CH,) intensity
ratio (I,/I,,) decreased from 0.84 to 0.57, indicating an
increased order of the carbon chains. The changes in the PM-
IRRAS spectra induced by irradiation suggest modifications in
packing of the monolayer, although the precise details of such
modifications cannot be determined with the present results.
They are nevertheless consistent with formation of hydro-
peroxide groups which occur when unsaturated chains are
attacked by 'O,. A scheme representing the impact of the
oxidative reactions on the monolayer organization is depicted
in Figure 4b.

Photoinduced Impact on Caco-2 Cell Cultures by
AuSHINRs@TBO. Mitochondrial metabolic activity tests
(MTT) were performed on Caco-2 cell cultures following
exposure to irradiated and nonirradiated AuSHINRs and
AuSHINRs@TBO. The colloids were diluted in culture
medium at different volumetric ratios (1:10, 1:9, 1:8, and 1:7
v/v) to mitigate the inherent toxicity attributed to the CTAB
surfactant utilized in AuNR synthesis.”” Figure Sa shows a
slight reduction in cell viability in the absence of light for
AuSHINRSs, contrasting with the significant decrease observed
for AuSHINRs@TBO in Figure Sb at 1:8 and 1:7 dilution
ratios. Caco-2 cultures containing AuSHINRs displayed
minimal susceptibility to phototoxic effects, with the most
notable reduction in viability observed at the 1:7 dilution ratio,
from 90.2 to 77.7%. To overcome the inherent toxicity of gold
nanorods and improve photothermal efficiency, Huang et al.
increased specificity of the nanostructures by introducing
specific antibodies onto their surface.”* Indeed, achieving a
substantial impact on tumor cell cultures through photo-
thermal effects requires heat induction exceeding 43 °C owing
to the elevated survival rates below this temperature.”” At such
a dilution ratio (1:7 v/v) of AuSHINRs, it is possible that not
only the photothermal efficiency but also the generation of
ROS might have been significantly diminished. On the other
hand, the incorporation of AuSHINRs@TBO increased the
phototoxic effect, noticeable even at the most diluted ratio
(1:10 v/v), leading to a viability decrease from 87.5 to 39.0%.
These observations revealed a synergistic effect, wherein
AuSHINRs@TBO enhanced ROS generation with a combi-
nation of photothermal effects and oxidative reactions. Jang et
al.”® explored a similar gold nanorod and photosensitizer
(AlPcS4) conjugation approach. They found that these
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Figure 5. Caco-2 cell viability upon irradiated and nonirradiated (a)
AuSHINRs and (b) AuSHINRs@TBO at 1:10, 1:9, 1:8, and 1:7
volumetric dilution ratios (v/v in culture medium).

nanoparticles efficiently delivered AlPcS4 to target cells,
enhancing their inhibitory effect on squamous cell carcinoma
(SCC7). However, their study did not evaluate photothermal
effects, and the conjugated nanoparticles lacked fluorescence,
suggesting quenching.

Morphological changes induced by the interaction and
irradiation of Caco-2 cells cultured with AuSHINRs and
AuSHINRs@TBO were assessed via confocal fluorescence
microscopy. The investigation centered on dilution ratios 1:9
and 1:8 v/v in the culture medium, with the identified changes
highlighted through the nucleus (blue) and plasma membrane
(green) staining. Relative to the control group, AuSHINRs
caused minor morphological modifications in both dilutions
(1:9 and 1:8 v/v), as evidenced by uniform nuclei and well-
defined plasma membranes in the microscopies. Minor
changes in membrane labeling were evident following

incubation with AuSHINRs@TBO at a 1:8 dilution ratio,
possibly indicative of the observed cytotoxicity in the MTT
assays. The influence of nanostructure photoactivation on
Caco-2 cells was evaluated after a 1 h irradiation. As shown in
Figure 6, irradiation alone had minimal effects on the integrity
of the cell nucleus and membrane, similar to the observed for
the irradiated groups containing AuSHINRs. This consistency
in minimal impact is indicative of the low phototoxic effects of
AuSHINRSs and can be attributed to the dilution effect, as there
is a correlation between nanostructure concentration and heat
generation.”® In contrast, irradiated AuSHINRs@TBO in-
duced significant modifications associated with nanostructure
phototoxicity owing to the synergistic effect. At a ratio of 1:9
v/v, membranes displayed heightened fibrous characteristics,
while at a ratio of 1:8 v/v, both the cell membrane and nuclei
exhibited fragmentation. The observed fibrous characteristics
align with the AuSHINRs@TBO adsorption observed on the
Langmuir monolayer, suggesting that the plasma membrane is
a primary target for therapeutic intervention. The fragmenta-
tion of both the plasma membrane and the nuclei suggests that
cells containing irradiated AuSHINRs@TBO undergo ne-
crosis. Indeed, the necrotic pathway, which involves cellular
swelling, loss of plasma membrane integrity with organelle
edema, and nuclear alterations (pyknosis) or absence, is a well-
documented mechanism induced by hyperthermia.””

B CONCLUSIONS

Langmuir films were employed here to construct biomem-
branes using cell lipid extract from Caco-2, aiming to assess the
mechanisms underlying the photoefficiency of gold shell-
isolated nanorods conjugated with toluidine blue-O (AuSH-
INRs@TBO). The observed isotherm expansion upon
AuSHINRs@TBO interaction, along with PM-IRRAS data,
suggested an electrostatic attraction between the positively
charged nanostructures and the negatively charged domains of
the lipid groups, influencing not only the polar lipid heads but
also the ordering of the aliphatic chains. Brewster angle
microscopy revealed that the 1:1 v/v Caco-2: AuSHINRs@
TBO films induced notable morphological changes, suggesting
particle-driven reorganization within the monolayer at a

AuSHINRs 1:9

Cellular control

non-irradiated

——
30pm 30um

irradiated

30um

AuSHINRs 1:8

AuSHINRs@TBO 1:9 AuSHINRs@TBO 1:8

G4
-

—

—
30pm

J—
30um E

Figure 6. Confocal microscopies of Caco-2 cellular control and 24 h incubation with irradiated and nonirradiated AuSHINRs and AuSHINRs@
TBO at 1:9 and 1:8 v/v dilution ratios. Irradiation was at 640 nm with an irradiance of 20 mW/cm?. The nucleus was labeled using DAPI (in blue),

and the membrane was stained with WGA (in green).
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surface pressure of 30 mN/m. Light irradiation decreased the
rate of material loss of Caco-2 monolayers containing
AuSHINRs@TBO (1:1 v/v), suggesting enhanced stability
and a more expansive area covered by the film. The combined
action of AuSHINRs and TBO under irradiation is anticipated
to boost ROS production, especially singlet oxygens ('O,).
Hence, the monolayer expansion correlates with an increased
spatial distribution of molecules owing to the hydroperoxide
generation prompted by the 'O, attack to the chain
unsaturation. In vitro experiments identified inherent cytotox-
icity from the CTAB surfactant in the nanostructures,
necessitating serial dilutions to alleviate these effects in
Caco-2 cultures. TBO-conjugated nanoparticles demonstrated
a marked increase in phototoxic effects, evident even at the
most diluted ratio of 1:10 v/v, which resulted in a significant
reduction in cell viability from 87.5 to 39.0%. This outcome
underscores a synergistic effect where the TBO-conjugated
nanorods amplified ROS production, effectively merging
photothermal effects with oxidative reactions. Confocal
fluorescence microscopy pinpointed the cell membranes as
the primary site of action for inducing cell death, marked by
morphological changes and increased fibrous features. In
summary, this work sheds light on the complex interactions
and effects within a bioinspired membrane system, highlighting
the potential of TBO-conjugated nanorods in advancing cancer
therapy through synergistic PTT and PDT.
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