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The development of multifunctional nanohybrid systems for combined photo-induced hyperthermia
and drug release is a challenging topic in the research of advanced materials for application in the
biomedical field. Here, we report the first example of a three-component red-light-responsive
nanosystem consisting of graphene oxide, gold nanoparticles and poly-N-isopropylacrylamide (GO-Au—PNM).
The GO-Au-PNM nanostructures were characterized by spectroscopic techniques and atomic force micro-
scopy. They exhibited photothermal conversion effects at various wavelengths, lower critical solution tempera-
ture (LCST) behaviour, and curcumin (Curc) loading capacity. The formation of GO-Au—PNM/Curc adducts
and photothermally controlled drug release, triggered by red-light excitation (680 nm), were demonstrated
using spectroscopic techniques. Drug—polymer interaction and drug—release mechanism were well supported
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DOI: 10.1039/d3tb01863f by modelling simulation calculations. The cellular uptake of GO—Au—PNM/Curc was imaged by confocal laser

scanning microscopy. In vitro experiments revealed the excellent biocompatibility of the GO-Au—PNM that
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Introduction

A nanohybrid system in the nanoscale dimension implies
the combination of a variety of organic, inorganic, or bioactive
components in a single material with either enhanced or
entirely new properties." This approach has provided the
opportunity to create a huge number of novel materials with
well-defined structures and functions.”* Combining exclusive
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did not affect the viability of human cells.

features such as optical, electrical and photo-responsive proper-
ties, a nanohybrid system offers advantages in different appli-
cation fields including biomedical, coating, energy storage,
catalysis, and sensing.”” In the biomedical field, light-
responsive photothermal systems, that allow for a controlled
release of drugs in specific regions, are appealing for more
effective and safer therapy. Indeed, photothermia and drug
release restricted to irradiated areas can reduce the dosage and
side effects of conventional chemotherapy. In this scenario,
nanohybrid systems that combine the photothermal properties
of metal nanoparticles (NPs) and graphene oxide (GO)-based
nanostructures and the thermo-responsive properties of poly-
(N-isopropylacrylamide) (PNM) are attracting interest. GO
nanosheets have a large surface area and can load nanostruc-
tures as support materials. In particular, the oxygenated func-
tional groups of GO can be utilized as nucleation centres to
grow or anchor NPs. PNM is a polymer largely investigated for
biomedical applications because of its low toxicity, chemical
stability, temperature- and pH-responsivity.* The stimuli-respon-
sivity of the PNM has been exploited to develop temperature-
responsive drug delivery systems. It has been reported that at
temperatures below the lower critical solution temperature (LCST),
PNM adopts a hydrophilic coil-extended-conformation stabilized
by favourable interactions with water molecules. Instead, at a

This journal is © The Royal Society of Chemistry 2024
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temperature above the LCST value (typically 33-35 °C), a transition
takes place, and the polymer adopts a hydrophobic globule-like
conformation. In this collapsed state, water molecules are expelled
from the shell and the amount of hydrogen bonds decreases
allowing the release of entrapped drug molecules. Curcumin
(Cur) is a natural substance with a wide range of biological
properties®® and biomedical applications."® Cur has shown anti-
cancer,"" antimicrobial,’* antioxidant and anti-inflammatory,"*
antidiabetic,"* hepato-'> and neuro-protective activity.'® However,
poor stability, water solubility, and bioavailability have limited the
clinical use of curcumin and stimulated intense research aimed at
overcoming these issues through entrapment in nanocarriers."”
Since hyperthermia enhances the anticancer activity of Cur,”'
photothermal nanosystems are interesting Cur delivery systems.?*

Two-component nanohybrid composites that integrate
the properties of GO with nanoparticles or organic molecules
were widely reported in the literature®*>* and investigated for
different applications including drug delivery,> NO photo-
release,®® and antibacterial®’ activity. Differently, very few
examples of three-component GO-based nanosystems are pre-
sent in the literature.”®

In this work, we report the first example of a three-
component nanosystem in which GO sheets are decorated with
photothermal gold nanoparticles (AuNPs), which are further
functionalized with the thermo-responsive PNM polymer. For
application as a light-actuated device for remote controlled
drug release, Cur was entrapped into the GO-Au-PNM nano-
container (Scheme 1A). Cur was selected as a hydrophobic
drug model whose performance can be improved by entrap-
ment in a photothermal drug delivery system for dual chemo-
photothermal therapy outcomes. The PNM covalently linked
to the AuNP surface was chosen to induce a red shift of the
localized surface plasmon resonance (LSPR) band to higher

A
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wavelengths. Consequently, more biocompatible light could
trigger the photothermal-induced PNM conformational change
and promote the release of Cur from the nanosystem. The
morphology, spectroscopic properties and photothermal beha-
viour of the hybrid nanosystem as well as the red light-triggered
hyperthermia and hyperthermia-induced drug release were
investigated (Scheme 1B).

Results and discussion

Design, synthesis, and characterization of the GO-Au-PNM
nanosystem

Nanohybrid systems composed of photothermal materials and
thermo-responsive polymers are fascinating stimuli-responsive
drug delivery systems widely developed by our group.>*~*? They
match dark stability, good biocompatibility, and absorption in
the visible and near-infrared (NIR) region suitable to effectively
promote the photothermal effect under the exclusive control of
light, which in turn causes the coil-to-globule-transition of the
polymer structure and the consequent hyperthermia-induced
drug release. The choice of gold nanoparticles and PNM for the
preparation of a GO-Au-PNM nanosystem was mainly driven by
the high photothermal conversion efficiency of the plasmonic
gold nanostructures in the visible region and the LCST beha-
viour of PNM. Furthermore, the easy preparation and chemical
modification enable the AuNPs to be tailored in various ways to
facilitate their integration into a variety of nanostructured
materials. The GO-Au-PNM nanosystem was prepared and
tested as depicted in Scheme 1. In detail, graphene was con-
verted to GO nanosheets by Hummer’s modified method. Then,
the GO nanosheets were decorated with Au nanoparticles as
described in the Experimental section. Finally, the linkage of
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Scheme 1 Schematic illustration of (A) preparation of the GO-Au—PNM/Cur adduct; (B) laser irradiation of GO—Au—PNM/Cur (Jexc 680 nm) for a
combined photothermal and drug-release effect, the graph reports the increase of temperature (blue line) and curcumin photo-release as absorbance at

433 nm (green line) overtime.
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Fig. 1 Physicochemical characterization of GO-Au and GO-Au-PNM

nanosystems: (A) optical absorption spectra of the dispersion of
GO-Au-PNM, GO-Au, GO and AuNPs in water; (B) FTIR spectrum of
GO-Au—-PNM (cyan PNM and blue GO); (C) representative AFM images for
GO-Au nanosystems on MICA substrate scan image 500 x 500 nm, (inset,
size distribution for AuNPs); (D) cross sections for AuNPs.

PNM molecules with the Au nanoparticle surface was obtained
exploiting the sulphur chemistry. The GO-Au-PNM nano-
system was fully characterized by various techniques. Fig. 1A
illustrates the optical absorption spectra of an aqueous disper-
sion of GO-Au-PNM (black line). The LSPR broad band related
to the Au nanoparticles at around 550 nm and the absorption
in the region 230-280 nm related to the GO nanosheet were
observed. For comparison, optical absorption spectra of AuNPs
(cyan line) and GO sheet (blue line) alone were recorded.
Notably, the LSPR band for the AuNPs in the GO-Au-PNM
nanohybrid is broadened and red-shifted compared to that
of GO-Au (red line) and AuNPs (cyan line). This finding not
only corroborates the effective linkage of PNM to the AuNPs,
but also indicates the electronic interactions between the two
species, as reported for other species grafted to GO.>* Moreover,
as previously observed for similar Au nanostructured materials,**
the red shifts of the AuNP LSPR band evidence both surface
electronic interaction and nanoaggregation phenomena. The
successful GO-Au formation was easily evidenced by the colour
change of the GO suspension from brown-yellow to red-purple,
which is consistent with the presence of the AuNPs. The further
functionalization with thiolated PNM to produce GO-Au-PNM
is evidenced by the red-shifted LSPR band in the GO-Au-PNM
(Fig. 1A). The effective GO-Au-PNM formation was well sup-
ported by FTIR spectroscopy (Fig. 1B), showing the following
diagnostic peaks for PNM: 3147.2 cm™' (N-H, stretching),
2969.2 cm ™' (C-H, stretching), 1630.2 cm™ ' (C=O stretching,
amide I), 1534.5 cm~ ' (C=O stretching, amide IT), 1389.5 cm "
(C-H, bending) and 1122.2 em ™' (C-C, stretching). Moreover,
the following FTIR peaks for GO sheets were recorded:
3422.5 cm~ ' (O-H stretching), 2870.5 cm™ " (C-H stretching),
1650.1 cm ™' (C=C, stretching), 1554.1 em™" (CO, stretching)
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and 1151.2 cm™ " (C=O0, bending). For comparison, FTIR-ATR
spectra of the precursor GO-sheets and PNM were recorded
(Fig. S1, ESIt). The morphology of the AuNPs on the GO sheets
was investigated by contact-mode AFM. Fig. 1C shows repre-
sentative scan 500 x 500 nm AFM images of the AuNPs. The
investigation revealed the presence of spherical-shaped gold
nanoparticles with a size ranging from 3 to 7 nm at the
GO-sheet surface. The histogram distribution for the height
size of AuNPs, obtained by analysis of different AFM images, is
shown in the inset Fig. 1C. Fig. 1D shows the profile section of
GO-AuNPs.

The comparison between the full scan 3 x 3 pm AFM images
for GO-AuNPs and GO-Au-PNM revealed the effective GO-Au-
PNM nanoaggregation, which is consistent with the red-shifted
LSPR band observed for the GO-Au-PNM nanohybrid (Fig. 1A
and Fig. S2, S3, ESIY).

The electronic structure of the GO-Au-PNM was investi-
gated by X-ray photoelectron spectroscopy. This technique is
ideal as it gives information on the oxidation states and on the
chemical environment of the studied species and allows esti-
mation of the surface elemental composition once the relevant
atomic sensitivity factors have been considered.****

Fig. 2A shows the high-resolution XP spectrum of the
functionalized GO-Au-PNM in the C 1s, O 1s, N 1s, S 2p and
Au 4f energy regions. In detail, for the C 1s binding energy
region, two signals are evident at 284.6 and a shoulder centred
at 287.2 eV. The first component at 284.6 eV is due to the

0 1s

275 280 285 290 295 520 525 530 535 540 390395 400 405 410

Binding Energy / eV Binding Energy / eV Binding Energy / eV

S2p Au 4f

155 160 165 170 175 75 80 85 90 95
Binding Energy / eV Binding Energy / eV

ppm

Fig. 2 GO-Au-PNM characterization: (A) Al Ko excited XPS in the C 1s,
O 1s, N 1s, S 2p and Au 4f energy regions; (B) *H NMR spectrum of
GO-Au-PNM (400.13 MHz, D,;0, 297 K).

This journal is © The Royal Society of Chemistry 2024
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aromatic and aliphatic backbones of the PNM functionalized
graphene oxide. The components centred at 287.2 is due to the
-C-OH and -C=O0 species of both GO and PNM.*® Similarly,
the O 1s binding energy region, consisting of a rather symme-
trical peak at 530.7 €V, which is mainly due to the oxygen of the
graphene oxide as well as the oxygen of the HN-C—O group of
the PNM polymer.*® The experimental profile of this N 1s signal
shows just one peak at 399.3 eV, ascribed to the N atom of the
HN-C=0O0 group of the PNM polymer.>”*' The high-resolution
XP spectrum of the GO-Au-PNM in the S 2p binding energy
region is rather noisy due to the low atomic concentration of S
(0.4% of the overall XPS signals). Nevertheless, the peak centred
at 162.5 eV, clearly shows the shape of the two expected 2p
spin-orbit components and is due to the S of the functionalized
PNM ligand. Finally, in the Au 4f binding energy region, the Au
4f;), 5/ levels were observed at 84.7 and 88.4 eV, respectively,
and indicate the presence of Au’ states. The XPS atomic
concentration analysis of the investigated system clearly shows
a ratio S/Au = 4.0, N/Au = 115, O/Au = 132, and N/S = 29.

The presence of the PNM pendants on the material surface
was corroborated by the "H NMR spectrum of GO-Au-PNM
(Fig. 2B). The proton spectrum showed peaks at 1.13 ppm (CHj3
of the isopropyl group), 1.57 ppm (CH,- group on the back-
bone), 1.99 ppm (CH- group on the backbone) and 3.88 ppm
(CH- group of the isopropyl),*"** which define the structure of
the PNM polymer. The proton spectrum of GO-Au-PNM was
very similar to the one of the PNM-polymer carbon dots that we
reported in a previous paper.”® Since the peaks belonging to the
polymer normally are wider,*® the best-defined peaks in the
proton spectrum of GO-Au-PNM correspond to impurity, while
the peak at 3.39 ppm, which is significantly smaller in the
spectrum of pure PNM, could be due to possible isomeric
structures. The peak at 8.22 ppm is attributable to residual
NH proton that normally does not show up because it
exchanges easily with D,0. However, the fact that it shows up
on the spectrum of the material but not in the spectrum of only
PNM polymer can be related to the more rigid structure of the
material that hinders the diffusion of water molecules toward
the interior.

The effectiveness of GO functionalization was also corrobo-
rated by DLS and Z-potential measurements. The DLS investi-
gation showed for GO dispersion in water is a main population
of nanostructures with mean hydrodynamic diameters of
829.1 £ 75 nm (93%) and 194.1 £ 5 nm (7%). The further
decoration with AuNPs, as expected, induces an increment of
GO-nanosheet exfoliation and GO-Au nanostructures with a
smaller diameter of 588.8 + 23 nm (98.5%) were detected. Next,
functionalization of the AuNPs with PNM causes an increase in
the hydrodynamic size (674.8 &+ 22 nm; 93%) due to the PNM
chains (Fig. S4, ESIT). Aggregation of the GO-Au-PNM nanos-
tructures (5098 + 520 nm; 7%) was also observed according to
the AFM data (Fig. S2 and S3, ESIt). Z-potential measurements
showed a slight decrease in the GO Z-potential value (—55.4 +
3.1 mV) upon AuNP decoration (GO-Au: —46.7 £ 1.4 mV).
As expected, functionalization of the AuNPs with PNM to give
the GO-Au-PNM nanohybrid further decreased the Z-potential

This journal is © The Royal Society of Chemistry 2024
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value (—24.7 =+ 0.9 mV). The PNM functionalization was also
revealed by the typical LCST behaviour observed for the
GO-Au-PNM, with a value of LCST above the human body
temperature of 37 °C (Fig. S5, ESIt). The LCST value higher than
that of a homogeneous solution of PNM (32-34 °C) was indi-
cative of an effective interaction between PNM and Au nano-
particle surface as widely reported in the literature.***® These
data enable the use of PNM-based nanomaterials as drug-
release systems at human body temperature.

With the aim to evaluate the potential of GO-Au-PNM as a
light-responsive drug delivery system, we selected curcumin as
a model of a hydrophobic drug and performed molecular
dynamics simulations to investigate the Au-PNM/Cur inter-
actions. In detail, five Au-PNM/Cur structures were randomly
selected during the preliminary 10 ns of MD simulations, see
the Methods section, respectively, at 298 K and 315 K (Fig. 3A
and B). Results obtained at higher temperature revealed three
structures with PNM collapsed chains at Au-NP surface (S01,
S02 and S03) and two with PNM extended structures (S04 and
S05). The energy difference for optimized geometries after
conducting MD simulations reveals for the PNM collapsed
structures (SO1: 0.00 kcal mol™*; S02: 5.52 kcal mol™* and S03:
7.12 kecal mol ") lower energy values than the PNM extended
structures (S04: 29.13 keal mol ' and S05: 32.43 kcal mol 1).
The main contribution to these values is mainly due to the
Coulombic electrostatic interactions and van der Waals forces
between PNM and Au nanoparticles.

These data indicate a strong interaction between PNM and
the AuNP surface in agreement with the increase of the LCST
values (above 37 °C) experimentally observed for the GO-Au-PNM
nanostructures (Fig. 1A and Fig. S5, ESIt). Conversely, the results

2 b . Bt Py
) %f«,-ggf&fﬁ P o 1 i BT o M T
r B & N T g
ki & s ’
S01 S02 S03 S04 S05
3.27 Kcal mol! 0.00 Kcal mol! 6.51 Kcal mol!  4.86 Kcal mol! 6.93 Kcal mol!
Sty

o

it
<

: e %§%<ﬁ§ %gg :

So01 S02 S03 S04 S05
5.52 Kcal mol! 7.12 Keal mol!  29.13 Kcal mol! 32.43 Kcal mol!

——501_315K

——502.315K —so1_a15K

——s01_298K
——S02_298K
g —— S03_298K

——501_298K
——S02_298K
——503_298K
N —— 04 208K
V ——sos 298k

RMSD (Angstrom)
Distance (Angstrom)

——505_208K

b mT.ch(ns)m oo . Tim:u(ns) oo

Fig. 3 Molecular dynamics simulations data for Au—PNM system:
(A) snapshots of Au—-PNM collapsed (S01, SO2 and SO3) and extended
(S04 and S05) structures after 250 ns at temperature 315 K and (B) at 298 K
(water molecules are omitted for clarity). The energy difference for all
optimized structures has been reported: (C) RMSD for the five different
geometries of Au—-PNM/Cur at 315 K and 298 K; (D) time fluctuation of the
average distance between Cur and Au nanoparticles surface for the five
different geometries at 315 K and 298 K.
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of MD simulations performed at 298 K indicate the exclusive
presence of extended PNM structures, with minor differences
in Ej, observed among the five structures: (S01: 3.27 kecal mol %,
S02: 0.00 keal mol™; S03: 6.51 kcal mol™*; S04: 4.86 kcal mol™;
S05: 6.93 kecal mol™"). No collapsed structure was revealed. The
root mean square deviation (RMSD) values calculated within a
timescale of 250 ns at 315 K confirm again the structure variation
due to the LCST behaviour of PNM. The RMSD values increased by
more than 2 A during the simulation for all the structures
investigated, a significant increase of the RMSD value from 2 A
to 4.5 A within 50 ns, indicative of an effective LCST transition,
was observed for the extended PNM structures (S04 and S05).
Differently, the collapsed PNM structures (S01, S02 and S03)
showed a slow increase of the RMSD values from 2.0 to 4.1 A
within 250 ns (Fig. 3C). All simulations revealed a reduced affinity
of the curcumin molecules towards the Au-PNM nanoparticles
at 315 K. Indeed, as depicted in Fig. 3D, at 315 K, the distance
between curcumin and the Au nanoparticle surface increases
within 250 ns indicating an effective release of drug from all the
Au-PNM structures investigated. In contrast, RMSD values calcu-
lated at 298 K (Fig. 3C) exhibit a slight increase, suggesting that no
polymer phase transition occurs at a temperature below LCST.
Consequently, no significant structural differences have been
revealed. In addition, a notable interaction between curcumin
and the polymer chain occurs, as evidenced by the unaffected
curcumin-PNM distance during the MD simulations, Fig. 3D.

Curcumin loading and photothermal-induced release

To load Cur into the GO-Au-PNM, excess drug (3:1 w/w) was
added to the GO-Au-PNM aqueous dispersion, and the mixture
was stirred for 48 h. Then, the sample was dialyzed to remove
the unentrapped drug. The formation of the GO-Au-PNM/Cur
adduct was confirmed by spectroscopic methods and DLS
measurements. The UV-Vis absorption spectrum of GO-Au-
PNM/Cur (Fig. 4A) showed the Cur absorption band at 433 nm
and the typical LSPR band of the AuNPs above 550 nm.
To investigate the photothermal properties of the GO-Au-
PNM, an aqueous dispersion (200 pL, AbSggonm = 0.9) was
continuously exposed to a 680 nm laser (810 mW power). The
temperature changes were monitored using a thermal camera
(Fig. 4B inset). When the temperature of the system reached the
maximum value of about 54.5 °C (temperature difference =
Tmax — Tenviroment = 28 °C), the laser was switched off and the
temperature change during cooling was monitored. The cycles
were repeated many times to confirm the reversible process;
a representative photothermal cycle is depicted in Fig. 4B.

A photothermal conversion efficiency (1) value of about 16%
was calculated. The photothermal time constants (t5) were
calculated upon photoexcitation with 0.5 and 0.8 W laser power
(680 nm, Fig. S6, ESIt). To better investigate the correlation
between the photothermal activity and the absorbance at
680 nm, experiments were performed using GO-Au-PNM dis-
persions with different absorbance values. The results reported
in Fig. 4C indicate temperature increases of about 2.3, 5.7, 15.9
and 28.5 °C for absorbance values (4 = 680 nm) of 0.13, 0.28,
0.53 and 1.0 unit, respectively. Moreover, the power-dependent
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Fig. 4 GO-Au-PNM/Cur photothermal properties: (A) optical absorption
spectra of Cur (line 1) in water/ethanol solution (70:30) and GO-Au-
PNM/Cur (line 2) in water; representative photograph of GO—-Au—PNM/
Cur water dispersion (inset); (B) photothermal cycles for GO-Au—-PNM/
Cur, laser 680 nm (power 810 mW, volume 200 pl, Assggonm = 0.9);
representative thermographs of GO-Au—PNM/Cur dispersion in water
during the photothermal experiments (inset); (C) photothermal experi-
ments for agueous GO-Au-PNM at different absorbance value at 680 nm
(laser power 810 mW); (D) photothermal effect of the GO-Au—PNM
dispersion (200 pL, Absegonm = 0.9) at different laser power.

behaviour was confirmed by experiments performed with dif-
ferent laser powers of 300, 500, and 810 mW, and the tempera-
ture difference values recorded were about 12.2, 18.6 and
28.3 °C, respectively (Fig. 4D). The photothermal properties of
the GO-Au-PNM nanohybrid were also confirmed upon excita-
tion with green-light 532 nm (Fig. S7, ESIf) and blue-light
405 nm (Fig. S8, ESIT) to show the photothermal versatility of
the nanosystem.

To assess the combined photothermal and drug release
effect of GO-Au-PNM/Cur, the dispersion was first incubated
for 20 min at 37 °C under dark conditions and the absorbance
measurements (at 433 nm) at various incubation times (0, 5, 10,
and 20 min) were recorded. Under dark conditions, the absor-
bance spectra revealed a very slight Cur release (Fig. S9, ESIf).
Then, a concurrent increase in temperature and absorbance
signals were recorded upon few minutes of red-light irradiation
(680 nm, 810 mW) indicative of an effective combined photo-
thermal and drug release effect. Fig. 5A depicts the appearance
of the optical absorption band for the released Cur at various
irradiation time (0, 5, 10, 15, 20, and 25 min). Fig. 5B shows the
combined increase of temperature (blue line) and the release
of Cur (green line) overtime, with a drug release rate value of
about 147 pg min~ "
42.5 °C.

In summary, as revealed by experimental data and sup-
ported by modelling simulation, the mechanism of the photo-
thermal triggerable curcumin release is ascribable to the PNM
conformational transition induced by the heat released from
the Au-NPs upon red-light photoexcitation.

and a maximum temperature value of

This journal is © The Royal Society of Chemistry 2024
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Fig.5 GO-Au—-PNM/Cur combined photothermal and drug release
effect: (A) absorption band of the released Cur in water/ethanol solution
(70:30) upon red-light laser exposition at different times (0, 5, 10, 15,
20, and 25 min); (B) combined photothermal and Cur release in the
GO-Au—-PNM/Cur dispersion (Assggonm= 0.18).

Cell viability and cellular uptake experiments

To evaluate the effect of the GO-Au-PNM nanohybrid on cell
viability, human colorectal cells were exposed to increasing
concentrations of GO-Au-PNM (0.004, 0.04, 0.4, and 4 pg pL ™)
for 24 h. As illustrated in Fig. 6A, at the end of the treatment
and at any concentration used, the cell viability was comparable
to that of untreated controls and no remarkable effects on cell
morphology were observed after exposure to GO-Au-PNM
(Fig. 6B and C). At the highest concentration, corresponding
to 4 pg uL ", cell growth decrease was about 15.6% compared
to the control (p value: 0.1079); at 0.4 ug uL ', the decrease was
about 6.11% (p value: 0.8399); at 0.04 ug pL ™, the difference

150 A

T

T
o> o> o> Q)
X g X X
RN °§°°'

100+

cell vialibility (%)

0.4 pg/200ul

Fig. 6 Cell viability and internalization experiments: (A) MTT assays of
human Colorectal (CaCo,) cells treated for 24 h with increasing concen-
trations of GO-Au—-PNM. Bars are means _ SEM of three independent
experiments with n = 3; (B) representative photograph of cells CTRL;
(C) representative photograph of cells with GO-Au-PNM (4 pg pl=Y);
(D) representative optical microscopy micrographs; (E) laser scanning
microscopy micrographs (lex/em = 405/500-600 nm) for CaCo, cells
untreated (control) and treated with different GO—-Au—-PNM/Cur amount
(0.4, 4.0, and 40 pg mL™Y).
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was about 0.13% (p value: >0.9999), and finally at the lowest
concentration of treatment, 0.004 pg pL~ ', the percentage
difference between the control cells and the treated cells was
about 3.07% (p value: 0.9846).

To evaluate the potential of GO-Au-PNM as a drug delivery
system, cellular uptake experiments were performed on CaCo,
cells. The confocal microscopy analysis (Fig. 6D) and laser
scanning microscopy of untreated cells, used as control,
showed no significant emission apart from the cell autofluor-
escence (Fig. 6E). Green staining was instead detected in the
cells incubated with the GO-Au-PNM/Cur adduct. This finding
evidenced that the luminescent GO-Au-PNM/Cur adducts
penetrate the cell and accumulate in the cytoplasm.

Conclusions

A water-dispersible and photothermal-responsive three-compo-
nent nanohybrid system composed of graphene oxide, gold
nanoparticles and a PNM polymer was prepared and character-
ized for understanding the physicochemical and photothermal
properties. The functionalization of the AuNPs anchored on
graphene nanosheets with PNM provided a photothermal
nanosystem potentially suitable for biomedical applications.
Indeed, the GO-Au-PNM nanohybrid showed responsivity
to a biocompatible and tissue-penetrating red-light stimulus,
biocompatibility, and cellular uptake in human cell lines. The
hybrid nanosystem loaded curcumin, selected as a hydrophobic
drug model, and upon irradiation-triggered hyperthermia, released
the drug by changing the PNM conformation as corroborated
by molecular modelling. Microscopy fluorescence investigation
confirmed that the GO-Au-PNM/Cur adduct can cross the cell
membrane and reach the cytoplasm. The main innovation of
the proposed nanohybrid system is the successful combination
of good water dispersibility, red-light photoresponsivity, excel-
lent biocompatibility and cellular uptake, drug loading cap-
ability and photothermal-controlled drug release. Despite
stability and bioaccumulation being limitations, common to
most hybrid nanosystems, and requiring further investigation,
GO-Au-PNM is one of the first nanohybrid materials activable
by a tissue-penetrating biofriendly red light that opens fasci-
nating prospects in the research of novel powerful therapeutic
tools based on synergistic chemo-photothermal effects.

Materials and methods
Chemicals

All chemicals were obtained from commercial sources in the
highest possible purity and were used as received. Milli-Q-grade
water was used in all preparations. All solvents used were of
spectrophotometric grade.

Synthetic procedures

Preparation of GO-Au-PNM. GO was synthesized at room
temperature using the simplified Hummers’ method. To prepare
the GO-Au product, a GO aqueous suspension (40 mL, 2 mg mL ")
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was bath sonicated for 1 h to give a clear solution then an aliquot of
75 uL of HAuCl, (5 x 10~> M) was added. After 10 minutes of
stirring at 70 °C £ 2 °C, an aliquot of sodium citrate was added
(10 mg mL ™). After one hour of reaction, the red-purple dispersion
of GO-Au was centrifuged at 2000 rpm for 10 min to separate the
GO-Aus from unreacted reagents and AuNPs. The resulting GO-Au
dispersion was purified by dialysis for 24 hours, using a 3.5-5 KDa
cut-off dialysis membrane and MilliQ-water. Finally, the GO-Au-
PNM was prepared by reaction of the GO-Au dispersion (5 mL,
2 mg mL™') with PNM-thiolated (1 mM) at room temperature for
24 hours. The resulting dispersion was purified by dialysis using
MilliQ-water through a dialysis membrane (3.5-5 KDa cut off) for
46 hours.

Preparation of GO-Au-PNM/Cur. GO-Au-PNM/Cur was pre-
pared by adding an excess of Cur (1:3 w/w) to the GO-Au-PNM
colloidal solution (10 mL), and the mixture was stirred for 48 h
at room temperature. Then, the sample was dialyzed for 24 h
using MilliQ-water-ethanol medium (70: 30) through a dialysis
membrane (3.5-5 KDa cut off) to remove the unentrapped drug.

X-ray photoelectron spectroscopy (XPS) measurements. XPS
investigation of the freshly prepared samples, deposited on Si
substrates, were performed at 45° relative to the sample stage
plane with a PHI 5600 multi technique system (base pressure of
the main chamber 1 x 10® Pa). Spectra were excited with
monochromatized Al-Ko radiation. The pass energy was set to
11.85 eV. XPS peak intensities were obtained after Shirley’s
background removal. Spectral calibration was achieved by
fixing the Au 4f;), peak of a clean Au sample at 84.0 eV. This
method turned the main C 1s peak at 284.6 eV. No charging
effect during the XPS analyses was observed since the
GOAuUSPNM material was on silicon, and the molybdenum
sample holder was conducting. Experimental uncertainties in
binding energies lie within +0.4 eV. The surface atomic
concentration of the samples was calculated considering the
relevant atomic sensitivity factors.

Photothermal properties of GO-Au-PNM. The photothermal
properties of GO-Au-PNM were investigated by irradiating
a glass tube (diameter 3 mm) containing various amounts
of the GO-Au-PNM dispersion. A volume of 100 pL of the
GO-Au-PNM dispersion was irradiated with a CW laser of
680 nm at various laser powers for various minutes. We used
a FLIR infrared thermal imaging camera to measure the
temperature of the solution every 10 s, during the heating
and cooling process.

Photothermal release of Cur. To assess the photothermally
triggered release of Cur, from the GO-Au-PNM/Cur nanohybrid,
aliquots of 600 pnL were dispensed on a micromembrane for
dialysis (cutoff 3.5-5 kDa) and dipped in 1.7 mL of water-ethanolic
(70:30) in a standard quartz spectroscopic cuvette. The solution
was maintained under stirring during all experiments. The GO-
Au-PNM/Cur was exposed to the laser source (680 nm) and the
temperature of the GO-Au-PNM/Cur dispersion was measured
using a thermal camera. The amount of Cur released was spectro-
photometrically measured after each laser exposition.

Modelling simulation. The model investigated was built
as follows: the Au unit cell replicated in the three spatial
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directions, obtaining a supercell from which a spherical gold
nanoparticle with a diameter of 3.0 nm was generated using the
build nanostructure tools included in the Material Studio 2017
package. Subsequently, a chain of 40-mer PNM was built using
CHARMM-GUI*® and covalently bonded to the nanoparticle
via a sulphur atom. Additionally, a curcumin molecule was
physiosorbed onto the polymer structure. The selected polymer
length is considered optimal for studying the polymer phase
transition.*® The resulting system was placed in the center of a
box measuring 5 x 9 x 9 nm (Fig. S10, ESIY), solvated with
water molecules, and equilibrated using a procedure involving
25.000 steps of minimization with the steepest descent algo-
rithm, followed by a 10 ns MD simulation at 298 K. In this
timescale, five structures were randomly sampled and used as
starting configurations for 250 ns MD simulations, with atomic
coordinates saved every 1.0 ns for subsequent analysis. All the
simulations were conducted under periodic boundary condi-
tion using the Forcite package included in the Material studio
2017 software.”” The polymer consistent force field (PCFF) was
employed, along with the PCFF water model, whose application
has demonstrated good agreement with experimental data.*®
The NPT ensemble was selected for the simulations, the pres-
sure was set to 1 atm and controlled by the Berendsen barostat
(decay constant set to 0.1 ps) while the temperature was
maintained respectively at 298 K, below the LCST, and 315 K,
above the LCST, using the Nose thermostat (Q ratio = 0.01).
A time step of 1 fs was set to integrate the equation of motion.
For calculating long-range electrostatic interactions, the Ewald
summation method was employed, with a cut-off distance of
1.0 nm, the charge equilibration method was chosen to evalu-
ate the atomic charges. Additionally, Na" counterions were
included to maintain the electric neutrality condition, given
that curcumin was considered doubly negatively charged. The
root means square deviations, RMSDs, of the generated trajec-
tories, compared to the initial structure were computed as
follows:

N
RMSD(1) = %Z(rk(t) — pinity?
k=1

where N is the total number of atoms, r(t) are the instanta-
neous coordinates of atom k and r;\™!* are the initial coordinates
of atom k where N in the total number of atoms, r(¢) are the
instantaneous coordinates of atom k and r,™ are the initial
coordinates of atom k. For each of the five structures, the
interaction energy between AuNP-PNM and curcumin is calcu-
lated by optimizing the structure obtained after conducting MD
simulations, as

Eint = EAuNP—PNM—Cur—Water - (EAuNP—PNM + Ewater + ECur)

The total energy comprises contributions from bonded
energy terms, out-of-plane energy, cross-interaction terms,
Coulombic electrostatic interactions, and the van der Waals force.

Cell culture for internalization test. CaCo-2 cells [ATCC HTB-3]
were maintained in DMEM with addition of 10% fetal bovine

This journal is © The Royal Society of Chemistry 2024
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serum (Sigma-Aldrich F9665) and 1% penicillin/streptomycin
(Sigma-Aldrich P4333) and incubated at 37 °C and 5% CO,
CaCo-2 cells were seeded at appropriate cell-concentration in
8-well p-slide glass bottom 1.5H (170 pum + 5 pm) D 263 M
Schott glass, sterilized (Ibidi, Cat. No. 80827) and let them grow
for 24 h. GO-Au-PNM/Cur was added to the cell-culture med-
ium (volume per well 200 pL) in increasing amounts from
0.4 pg to 40 pg per well, and left incubating for 24 h. After
incubation, the cells were washed once with fresh medium, to
remove the nanosystem excess in the extracellular medium.
Then, the cells were imaged.

Fluorescence image acquisition. Images were acquired on a
confocal microscope, Leica TCS SP8, using an HCX PL APO CS2
63x 1.40 NA oil immersion objective lens (Leica Microsystems,
Mannheim, Germany). The microscope is equipped with an
incubation chamber to keep the cells at 37 °C and 5% CO,. The
pinhole size was set to 1 Airy Unit. 1024 x 1024-pixel images
were acquired with a pixel size of 140 nm. Fluorescent GO-Au-
PNM/Cur was excited at 405 nm and the fluorescence emission
was detected in the band 500-600 nm using a photomultiplier
tube. The transmitted light detector (TLD) channel was used to
visualize the morphology of the cells.

Cell viability test. To evaluate the effect of GO-Au-PNM
nanostructures on human colorectal adenocarcinoma cells,
an MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide]) assay was performed. Briefly, human colorectal
adenocarcinoma cells (CaCo-2 HTB-37TM, American Type Cul-
ture Collection, Manassas, VA, USA) were grown in Dulbecco’s
MEM (DMEM) with 10% heat-inactivated fetal bovine serum,
2 mM r-alanyl-i-glutamine, penicillin-streptomycin (50 units-
50 pg for mL) and incubated at 37 °C in a humidified atmo-
sphere of 5% CO2, 95% air. CaCo-2 cells were plated in 96 well
plates and incubated at 37 °C. A GO-Au-PNM stock solution
(40 pL, 0.1 mg uL~') was prepared in nuclease free water.
A series of dilutions were performed to obtain different GO-
Au-PNM concentrations (1 pg pL ™%, 100 ng pL.~* and 10 ng uL ™!
and 1 ng pL ). Cells were treated with 40 pL of each solution.
5-Fluoroacil (Ref. F6627, Merck KgaA, Darmstadt, Germany)
was prepared as a 1 mM solution in 10 mL with 0.01% DMSO
and tested at arbitrary concentrations of 100 pM, 10 pM, 1 uM,
0.1 pM and 0.01 pM. Untreated cells were used as controls.
Microplates were incubated at 37 °C in a humidified atmo-
sphere of 5% CO,, 95% air for 24 h, and then, cytotoxicity
was measured with colorimetric assay based on the use of
tetrazolium salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide). The results were read on a multiwell
scanning spectrophotometer (H1 Synergy plate reader, Biotech,
Milan, Italy), at a wavelength of 569 nm. Each value was
an average of 8 wells. The percentage difference from the
untreated cells for the nanoparticles was calculated using the
GraphPad Prism 6.0 software. IC50 expresses the concentration
of the tested compound necessary to kill half of the cell
population after 24 h of incubation relative to untreated
controls.

Instrumentation. UV-Vis spectra were recorded on a Perkin-
Elmer 365 spectrophotometer using quartz cells with a path
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length of 1 cm and 0.1 cm. FTIR spectra were recorded on a
PerkinElmer spectrophotometer. The particle size and surface
charge were examined by using a combined dynamic light
scattering and zeta-potential apparatus ZetaSizer NanoZS90
(Malvern Instrument, Malvern, UK) equipped with a 633 nm
laser, at the scattering angle of 90° and 25 °C temperature. AFM
measurements were carried out in soft tapping mode in air
using a Bruker FAST-SCAN microscope. The probes used were
Fast-Scan A, with a nominal tip radius of 5 nm, a spring
constant of 18 N m™', and a resonance frequency of
1.400 KHz. An aliquot of GO-Au-PNM dispersion was deposited
on a fresh mica substrate and then dried under vacuum
(10 mbar). Each sample was typically characterized by acquiring
five images obtained at different points. NMR spectra were
recorded on a Bruker 400™ spectrometer. GO-Au-PNM sample,
previously freeze-dried, was dissolved in deuterated water (D,O)
and analyzed at 297 K.
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