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Biodegradable porous nanomaterials have emerged as a promising avenue for tumor drug delivery
owing to their capacity to encapsulate large quantities of drugs and their compatibility with biological
systems. Despite the widespread recognition of gold nanorods for their therapeutic potential, studies on
porous gold nanorods remain relatively few. Herein, we synthesized thiol-functionalized porous gold
nanorods (PGNRs) that exhibit strong absorbance in the NIR region of light spectrum (750 nm), resulting
in excellent photothermal properties with a photothermal conversion efficiency of 79%. Meanwhile, the
intrinsic porous structure with a multimodal pore size and large surface area of 261 m? g~* makes PGNR
an ideal material for different drug carriers. A model drug doxorubicin loaded on PGNR with 98.7%
encapsulation efficiency exhibits good cationic Au and m interaction and a large surface area. To prevent
premature drug release and ensure sustained drug delivery at the target site, we designed gelatin and
tannic acid-based thermoresponsive hydrogels capturing PGNR-DOX in the matrix. Upon exposure to
an NIR laser of 750 nm wavelength, the temperature of this hydrogel increased beyond the upper
critical solution temperature (42 °C), leading to a gel-to-sol phase transition that enhances PGNR-DOX

Received 17th April 2024, release at the specific site. This NIR-triggered hyperthermia facilitates tumor penetration, and the drug

Accepted 12th June 2024 conjugate quickly dissociated in an intrinsic acidic environment due to weak cation—r interaction. The
DOI: 10.1039/d4ma00400k effects of phototherapy and chemotherapy together are demonstrated through in vitro experiments.
Therefore, this NIR light-responsive nanoplatform holds promising properties and can be considered an

rsc.li/materials-advances ideal material for in vivo studies.

composition and functionality of the drug delivery system. At

1. Introduction

present, owing to their inherent unique features, such as low

Noble metals such as Au, Ag, and Pt conjugated with drug
carriers that can respond to various exogenous stimuli such
as H,0,," light,> temperature,® pH,* and electric field® have
recently gained significant attention owing to their extensive
use in overcoming current pathological hurdles. These
stimulus-responsive nanomaterials have the following advan-
tages: (i) they can minimize drug dosage and maximize ther-
apeutic efficiency; (ii) they can circulate in the bloodstream for
a long time without stimuli; (iii) external stimulus-controlled
release occurs at a target specific site; and (iv) permeability and
retention factor can be enhanced via tuning the size, shape,
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toxicity, bactericidal activity, tunable optical resonance in the
NIR region, excellent hydrophilicity, ease of surface function-
ality, and flexible aspect ratio, anisotropic gold nanostructures
have emerged as protagonists in the field of science and
technology.® Thus far, most anisotropic gold nanostructures
have a CTAB surfactant coating, which introduces toxicity and
limits surface group availability.” Therefore, the conjugation of
drug molecules on a solid nanorod surface is slightly compli-
cated. In comparison to solid gold nanostructures, porous
nanostructures have been employed as the most efficient multi-
modal nanostructures with a large surface area, distinctive size
tunable optical and physical properties and greater ability to
accumulate high drug dosage.® Few porous nanostructures
such as hollow carbon, silica, and copper spheres have been
reported for biomedical and energy purposes.”'® The keen
interest in porous gold nanorods as biomedical agents stems
from their advantages, including dispersibility in water,
increased surface area, structural defects, interesting optical
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properties, and thermal conductivity. However, reports on
hollow and porous gold nanorods for multimodal therapy are
few. Recently, Kai et al. reported the synthesis of amino acid-
coated hollow gold nanorods with significant absorbance in the
NIR-II region, which made this material a demanding agent for
photothermal as well as photoacoustic imaging.'" Theoretical
and experimental studies illustrate that both NIR I (700-
1000 nm) and short NIR II (1000-1150 nm) show better deep
tissue penetration compared to the UV-vis spectrum and that
longer wavelength radiation reduces the scattering from biological
tissue components significantly.'> Thorough investigation of the
penetration capability of laser in depth revealed that short NIR-II
shows the best results for kidney, spleen and liver while NIR I
suitably works for muscle, stomach, heart and brain tissues.'®
Although nanomaterial has many advantages, direct cellular
uptake of nanomaterial can impose toxicity to plasma membranes
because of their reactive surface. For example, the interaction of
positively charged nanomaterials with negatively charged cell
membranes can lead to the disruption of the continuum of cell
membranes.'* Afterwards, polymer-functionalized nanomaterials,
such as PEGylated gold nanoparticles, are used for drug delivery
systems. These interactions with proteins show conformational
changes that may lead to neurodegenerative diseases.'”> To over-
come this tricky situation nowadays, liposomes and biocompati-
ble hydrogels have emerged as good carriers of nanomaterials and
drug molecules. Interestingly, hydrogels comprising biologically
active moieties, such as collagen, gelatin and elastin, support cell
growth, migration, and proliferation.'® 3D crosslinking scaffolds
can adopt nanomaterial and drug molecules inside their network
structure and can be released at targeted places under specific
physiological conditions."” Gelatin-derived hydrogels are nontoxic
and biocompatible and generally mimic the innate arginine-
glycine-asparagine sequence chemically and structurally; over
time, they can be easily degradable using matrix metalloprotei-
nase enzyme. Only gelatin-derived hydrogels are stable at
29-33 °C.'® Addition of a crosslinking agent can enhance its
mechanical strength through hydrogen and covalent bonding.*°
In continuation with the above findings, herein, we fabricated a
2-aminothiol ethane functionalized porous gold nanorod (PGNR)
and its porous surface carrying doxorubicin model drug through
hydrophobic-n interaction. This nanodrug (PGNR-DOX) showed
optimum absorbance at 750 nm wavelength (which falls on the
NIR-I region). To achieve targeted and controlled drug release,
this nanodrug was implanted within gelatin and tannic acid-
based thermo-responsive hydrogel. On 750 nm of NIR laser
exposer, PGNR induced heat and attained phase transition tem-
perature inside the gel. This facilitated the stimuli-responsive
release of PGNR-DOX at the targeted area (Scheme 1). We
expect that there would be multiple benefits to using this novel
hydrogel formulation; easy penetration in cell membrane, external
light responsive PGNR-DOX release, pH-based stimuli at local
area, high photothermal conversion efficiency of PGNR, and
thermal images can provide information about the exact location
of cancerous cells. The detailed investigation on structure and
functionality, drug release profile, photothermal behavior, and
gelation network were studied in detail.
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Scheme 1 Schematic representation of the synthesis of PGNR, gel
encapsulation, and NIR light-triggered therapeutic action.

2. Experimental section
2.1 Chemicals and reagents

All the chemicals used in synthesis, characterization and applica-
tion are listed below. Selenous acid (H,SeO;), tellurium dioxide
(TeO,), hydrazine monohydrate (NH,-NH,-H,0), tetra chloroauric
(m) acid hydrate (HAuCl,), 2-aminoethane thiol, doxorubicin
hydrochloride, gelatin-A (from porcine skin) and tannic acid were
procured from Sigma-Aldrich. Sodium dodecyl sulphate (SDS),
resazurin sodium salt and DAPI were supplied by MERCK chemi-
cals. Ultrapure deionized water collected from the Merck Milli-pore
system (resistivity 18.2 MQ cm) was further autoclaved and then
used for both synthesis and experiments. Dulbecco’s Modified
Eagle’s Media (DMEM), trypsin-EDTA solution (0.25% trypsin and
0.02% EDTA in DPBS), fetal bovine serum (FBS), Dulbecco’s
phosphate-buffer saline (DPBS), and antibiotic antimycotic
solution (10000 units of penicillin, 10.0 mg of streptomycin and
25 pg of amphotericin B per mL in 0.9% normal saline) were
purchased from HiMedia, India. Paraformaldehyde was purchased
from Otto Chemie Pvt. Ltd, India. Mouse fibroblast (L929) and
cervical cancer (HeLa) cell lines, obtained from NCCS, India, were
cultured in a complete DMEM medium under standard conditions
of 37 °C and 5% CO,. Complete DMEM includes 10% (v/v) fetal
bovine serum and 1% (v/v) antibiotic-antimycotic solution.

2.2 Synthesis of porous gold nanorod

The synthesis of porous gold nanorod (PGNR) was performed
using galvanic replacement of Se,Te, nanorod in the presence
of HAuCl, and cysteamine.”® The Se,Te, NR template was
synthesized in an aqueous medium by the in situ reduction of
selenous acid and tellurium dioxide mixture through excess
treatment with hydrazine hydrate:*!

xH,SeO; + yTeOZ + N,H;-H,O— SexTey (l) + N, (T) + H,O.

Here, the catalytic amount of Se (0.3 mL, 5.4 mM) was
chosen with Te (0.016 g) and 8 mL hydrazine monohydrate
precursor to obtain a nanorod with consistent aspect size
and volume, as shown in Fig. S1 (ESIt). Further, the addition
of chloroauric acid creates electrochemical driving forces,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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facilitating the replacement of Se-Te elements with Au ions
through the following reaction:

AuCl,” + Te(Se) + H,O —Au + (TeO;)*” + (Se05)*> + Cl~ + H".

An 80 mL, 3 puM solution of 2-aminoethanethiol was pre-
cooled in a reagent bottle at 5 °C for 45 minutes, followed by
the addition of 10 mL of selenium telluride rods and stirring
for 15 minutes. Subsequently, 1.2 mL of HAuCl, solution at
25 mM was slowly added to this mixture and left stirring for
10 minutes, resulting in the formation of PGNR. Cysteamine-
functionalized PGNRs were centrifuged twice at 890 x g for
5 minutes to remove excess surfactant. The pellets were
then collected and dispersed in aqueous media for further
experimentation.

2.3 Structure and surface characterization

10 pL of diluted aqueous samples (Se-Te NR template and
PGNR) were deposited on a freshly piranha-cleaned silicon
substrate and vacuum-dried until the solvent was evaporated.
Further, FEG-SEM images were collected using a JEOL JSM-
7600F microscope at 10 kV. Similarly, a TEM grid of 3 mm
diameter and a 200 mesh-sized carbon-coated copper grid were
used to image the PGNR sample using the FEG-TEM 200 kV
facility. Analyses of particle size and its Gaussian size distribu-
tion were performed by considering 50 individual nanorods
obtained from FEG-TEM images using Image] software. A
Malvern Zeta Sizer (ZS-90) equipped with a folded capillary zeta
potential cell (DTS-1070) was used to measure the surface
charge of the above samples. The zeta potential values are
reported as the average of three independent measurements of
each sample. Surface functional groups on the nanorod sample
and elemental composition of the PGNR sample were evaluated
using an FTIR spectrophotometer, Bruker and electron spectro-
scopy for chemical analysis instruments (ESCA, Kratos analy-
tical, AXIS Supra). Small-angle X-ray scattering (Xeuss 2.0,
Xenocs) of the template and PGNR samples were measured
using 50 pL of samples in a thin capillary tube to evaluate
roughness and porosity on the surface. A BET surface area
analyser (Quanta chrome) was employed with the N, adsorp-
tion-desorption method at 120 °C degassing temperature for
12 h to investigate the porous surface area and pore diameter of
the PGNR sample.

2.4 Doxorubicin loading and quantification

The absorbance spectra of the nanorods were measured using a
Jasco V-730 UV-vis spectrophotometer to quantify drug loading
and monitor drug release. The doxorubicin (DOX) drug mole-
cules are loaded into the porous cavity of PGNR using the
nanoprecipitation protocol.?> Typically, an aqueous solution
of 5 mg (1 mg mL™ ') of PGNR was incubated with DOX
(0.5 mg mL ") in a vial for 48 hours. The drug loading capacity
of PGNR was monitored through absorbance obtained from
the supernatant (~488 nm) at different time intervals using
a UV-vis spectrophotometer. Drug encapsulation and loading

© 2024 The Author(s). Published by the Royal Society of Chemistry
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efficiency can be calculated as follows:

Wiotal drug — Witee drug

Drug encapsulation efficiency = x 100,

Wtotal drug

Wtotal drug — Wfree drug

Drug loading (%) = x 100.

WpGNR

2.5 Photothermal property of PGNR

The absorption spectra of freshly synthesized PGNR particles
exhibit strong absorption peaks in the NIR-I region, as shown in
Fig. 3a. To evaluate the photothermal response, PGNR samples
were irradiated with a high-power diode laser (750 nm wave-
length) at fixed power densities (1 W ecm™?) for 20 minutes. The
nanoparticle solutions in quartz cuvettes at varying concentra-
tions (50, 150, and 300 pug mL~ ') were positioned 5 cm from the
laser source. PGNR during the laser irradiation digital thermo-
couple is used to monitor the solution temperature at 30-second
intervals for 15 minutes until the temperature reaches an equili-
brium value. Photothermal conversion efficiency, n of the sample
is calculated using the formula®

B hA(Tmax — Tsur) - QdiS
- I(1—10-4% 7

where 7 is the photothermal conversion efficiency, % is the heat
transfer coefficient, and A is the area of the container. The

. mC,
estimate of hA = P

, where m is the mass of the sample
Ts

solution, C;, is specific heat capacity, and , is the linear slope
of In6 vs. cooling time plot. 0 is the ratio of (Tamp — Tsurr) tO
(Tmax — Tsurr)- Quais is thermal loss due to natural convection, I is
incident laser power and A is the absorbance under the
750 nm laser.

2.6 PGNR-DOX dispersion in gelatin-tannic acid hydrogel
matrix (PGNR-DOX-Gel)

A homogenous hydrogel was prepared by mixing 5 wt% of each
porcine skin gelatin (type A), tannic acid and 1 mg mL ™" of
PGNR in Milli-Q water. The mixture was stirred at 40 °C for
1 hour, followed by a gradual temperature increase (1 °C min™ ")
until a uniform solution was obtained. The prepared hydrogel
solution was swiftly injected into custom-designed silicon
molds (diameter 2 cm, thickness 1 cm). The pre-gel solution
was then refrigerated at 4 °C for 24 hours and stored under a
vacuum for future use. For comparison, a control hydrogel (Ge-
Ta) was prepared using the same method but without the
addition of PGNR.

2.7 Rheological measurements

The rheological properties of neat and PGNR-incorporated
hydrogels were investigated to estimate their temperature
dependence melting and elastic response using Rheometer
TA HR30 with a cone-plate of 20 mm diameter with a cone
angle of 1°. Before testing, the samples were loaded onto the
rheometer stage and sealed with silicon oil to prevent solvent
evaporation. Measurements were conducted on hydrogels aged
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for 1 and 7 days. A strain of 1% was identified from the
amplitude sweep measurement to ensure the linear viscoelastic
response of the samples. Frequency sweep measurements were
conducted from 10 Hz to 0.1 Hz at a constant temperature of
25 °C. Additionally, a temperature sweep experiment was
performed from 25 °C to 60 °C at a fixed frequency of 10 Hz
and a strain of 0.01%.

2.8 Drug release sensitivity to external stimuli of pH and light

Drug release triggered by external stimuli, such as pH variation
and exposure to light, offers a sophisticated approach to targeted
drug delivery. To evaluate the pH-dependent release of drug
molecules from PGNRs, a standardized protocol was followed.
Typically, 1 mg of PGNRs was dispersed in 4 mL of distinct pH
solutions (4.1, 5.2, 6.2, and 7.3) within separate vials, followed by
incubation at 37 °C for 2 days. To quantify drug release over time,
the supernatant from each vial was collected at predetermined
intervals and analysed using UV-vis absorbance spectroscopy for
the measurement of specific drug concentrations based on their
characteristic absorbance wavelengths. Further, the PGNR-DOX-
gel sample was subjected to a series of NIR laser exposure cycles to
investigate its drug release behaviour. A 750 nm laser was applied
for 5 minutes, followed by a 5-minute pause, and this cycle was
continuously repeated for a total of 100 minutes. The drug release
profile from the hydrogel was then monitored and analysed.

2.9 Invitro evaluation of biocompatibility and cytotoxicity

The biocompatibility of three hydrogels (neat, PGNR-gel and
PGNR-DOX-gel) was assessed using a colorimetric AlamarBlue to
evaluate their impact on cell viability.** Mouse fibroblast L.929 cells
were cultured in complete DMEM and were harvested by trypsini-
zation for seeding in the well plate. Approximately 8000 cells per
well were seeded onto a 96-well plate and incubated for 24 hours to
allow for adherence and growth. Subsequently, varying concentra-
tions of the aforementioned materials were added to separate wells
and incubated for another 24 hours to assess their potential impact
on cell viability. For the positive control, 1% Triton X-100 was used,
and for the negative control, complete DMEM media were used.
After 24 h of exposure to the material, the cells in each well of a 96-
well plate were washed twice with PBS buffer and incubated with
Resazurin sodium salt (10 pg well) for 4 hours. Using a Tecan
Infinite M200 Pro Plate reader, we measured the intensity of a
fluorescent signal emitted by the cells (excitation/emission wave-
lengths: 560/590 nm), which indicated their viability. The estimate
of cell viability was obtained using the following equation:

Emission intensity of sample

Cell viability (%) = ———— - -
ell viability (%) Emission intensity of negative control

100.

The above-mentioned PGNR, PGNR-DOX-Gel and free DOX
were used to treat HeLa cell lines, and cytotoxicity was mea-
sured under laser OFF and ON condition (750 nm, 650 mW)
following the above-mentioned protocol.

2.10 Apoptosis imaging

HeLa cancer cell lines were seeded into two 6-well plates with a
cell density of 6000 cells per well and cultured overnight at
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37 °C. The seeded cells were treated with media, neat, PGNR-gel
and PGNR-DOX-gel (100 pg mL ™" of each sample) and left for
the encapsulation of particles. The NIR continuous laser source
was exposed for 5 minutes to one of the post-encapsulated
6-well plates (750 nm, 1.0 W) that was left for 24 h of incuba-
tion. The other plate is left for incubation under dark condi-
tions for the same time duration. Thereafter, all the cell nuclei
were stained with 4’,6-diamidino-2-phenylindole (1 pg mL™")
for 15 minutes under dark conditions, centrifuged, washed,
and then subjected to imaging using laser scanning confocal
microscopy (Carl Zeiss, LSM-780 model).

2.11 Statistical analysis

Drug release and in vitro studies were expressed as mean values
+ standard deviations of at least 3 independent experiments.
One-way analysis of variance (ANOVA) test, followed by post hoc
analyses (Tukey), was performed using Graph Pad Prism soft-
ware to compare the treatment groups. P < 0.05 was consid-
ered statistically significant for all the analyses.

3. Results and discussion
3.1 Morphology and surface modification of PGNR

In Fig. 1, we showed the structural characterization data (SEM
and TEM images) for the size and shape estimate of the freshly
prepared PGNR sample. The formation of well-defined aniso-
tropic nanorods with fairly monodisperse sizes is depicted in
Fig. 1a. The size distribution analysis after taking an average of
a large number of PGNRs revealed average length and diameter
estimates to be 180 £ 20 nm and 80 + 20 nm, respectively.
As shown in Fig. 1b, the PGNR rods have an aspect ratio of ~ 2.
The high-resolution TEM images illustrated in Fig. 1c reveal a
porous structure on the surface of the gold nanorod and asym-
metric holes within its crystalline structure. These features are
likely due to the Kirkendall effect.”® High-resolution TEM and
SAED (selected area electron diffraction) analysis reveal a lattice
spacing of 0.23 nm, which is consistent with the (111) plane of
face-centered cubic Au (inset Fig. 1c).

Further, zeta potential measurements and Fourier-transform
infrared (FTIR) spectroscopy (Fig. S2 and S3, ESIY) reveal sig-
nificant differences in the surface chemistry of the template and
PGNRs. The presence of sodium dodecyl sulfate (SDS) adsorbed
on the SeTe NR template results in a negative surface charge of
approximately —39.5 mV. In contrast, the porous nanorods
exhibit a positive surface charge of approximately +25 mV.

This suggests a stronger Au-S bond facilitated by the 2-
amino thiophenol, which likely promotes a galvanic reaction,
leading to the observed positive charge. As shown in Fig. S3
(ESIT), FTIR spectra emphasized O-H stretching frequency
near 3400 cm ', —CH, stretching frequencies at 2850 and
2910 em ', and peaks at 1300-1600 cm ' corresponding to
S—O0 and N-O stretching frequencies. However, on PGNR
formation, a strong peak at 700-800 cm™ ' region confirmed
the presence of the metal-sulphide (Au-S) group. Free NH,
group was also evidenced from both N-H stretching and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) FESEM image of PGNR, (b) size distribution curve of the L:D

ratio of PGNR. (c) HRTEM image of PGNR and its corresponding SAED

pattern. (d) XPS survey spectrum of PGNR sample showing binding

energies of Au (4f/4d), S (2p), C (1s), N (1s), O (1s), Te (3d) electrons.

bending frequency at 3400 cm™ ' and 1100 cm ™", respectively.

Further, the XPS survey spectrum of PGNR displayed in Fig. 1d
reveals prominent surface binding energies at 83-89 eV, 337-
355 €V, 162 €V, 284.1 €V, 400 eV, 531 eV, and 575-586 eV
corresponding to Au 4f, Au 4d, S 2p, C 1s, N 1s, O 1s and Te 3d
with mass percentages of 72.0 (Au 4f/4d), 0.6, 9.8, 6.3 and 10.6%,
respectively. High-resolution spectra of Au displayed two significant
peaks at 83.8 and 87.5 eV, which can be correlated to 4f;, and 4f;,
binding energies, proving gold atoms are strongly bonded to the
surface of the material (Fig. S4, ESIt).

3.2 Porosity and surface fractal of PGNR

The morphology study shown in Fig. 1 reveals a surface asym-
metric and the formation of a porous structure. To further quantify
the features of the surface, heterogeneity analysed surface fractal
geometry using two complementary techniques: N, adsorption-
desorption isotherm and X-ray scattering methods. The adsorp-
tion—-desorption measurements shown in Fig. 2a indicate a type-IV
isotherm for PGNR with a high surface area of 261 m> g .
The pore size distribution on the nanorod surface was found
to be multimodal. The particle exhibited small pores with narrow
size distributions of 4.5 nm and 6.0 nm, likely at the outer
layer. Additionally, broader pores around 26 nm were attributed
to the inner core. In Fig. 2b, we present the scattering profile,
I(q) vs. g from the SAXS measurements to unravel the length scale-
dependent heterogeneity in the sample. The scattering intensity
is fitted to a cylindrical model using Sasview software. The fitted
data in the low q range (0.005-0.007 A™") resulted in slopes of
—4.0, —3.37 and —3.7 for the template, PGNR and PGNR-
DOX, respectively. Although a theoretically smooth nanoscale
particle would scatter with a slope of —4, as observed in the
nanorod template, we measured deviations from this expected

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Multimodal pore size distribution of PGNR; inset: N, adsorp-
tion—desorption isotherm of PGNR and (b) SAXS line profile of the
template, PGNR and PGNR-DOX.

slope with values of —3.4 (PGNR) and —3.7 (PGNR-DOX). This
suggests the presence of a diffuse surface boundary layer.”®
Analysis of scattering data in the high g range revealed details
about the surface properties. The exponents derived from the
linear region of the data (—1.4 for PGNR and —2.1 for PGNR-
DOX) were used to calculate the surface fractal dimensions
using the equation s = 2d — D, where s is the slope, d is the
Euclidean dimension (2 for surfaces), and Dy is the surface fractal
value.””

The estimates of Dy ~ 2.6 for PGNR and 1.9 for PGNR-DOX
suggest a more irregular and rough surface for the PGNR
sample compared to PGNR-DOX. This observation is consistent
with the results obtained from the data in Fig. S5 (ESIT) using
the Frenkel-Halsey-Hill (FHH) equation for multilayer gas
adsorption mentioned below.>®

In(volume adsorbed) = s[In(P,/P)] + const.

A linear fit to the above equation (shown in Fig. S5, ESIT)
results in a slope of —0.98 and R*> = 0.99 for the PGNR sample.
This slope (s) was used to evaluate the surface fractal (D) of the
nanorod using the formula s = D — 3. From the BET multipoint
graph, the surface fractal value was calculated to be 2.02 for the
PAuNR, which also supports the SAXS data, proving the irregu-
larity and surface roughness of the PGNR.
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3.3 Photothermal properties

Gold nanorods are attractive photothermal agents due to their
ability to tune the surface plasmon resonance peak in the near-
infrared (NIR) region. To gain further insight into the optical
properties of these specific porous gold nanorods, we employed
UV-vis spectroscopy. As shown in Fig. S6 (ESIt), SeTe nanorods
absorb light at 340 nm due to the n-n* transition of the metal
ions. Interestingly, upon transformation into the porous gold
structure (Fig. S6, ESIT), a broad surface plasmon resonance
band emerges in the visible-near infrared regime (Amax =
750 nm). This newly acquired near-infrared (NIR-I) absorption
opens exciting possibilities for exploring the photothermal
applications of these nanorods. Template and PGNR samples
display distinct grey and blue colors (Fig. S6 inset, ESIT) due to
spectral variations in scattering and absorption, respectively.
Fig. 3a depicts the temperature changes observed during the
photothermal studies of the PGNR samples at various concen-
trations. 50 ug mL~" of the PGNR sample exhibits a tempera-
ture increase from 27 °C to 35.7 °C within 10 minutes of
continuous laser irradiation, reaching saturation at 15 minutes.
Higher concentrations (100 and 300 ug mL ') show propor-
tionally higher equilibrium temperatures of 41 °C and 54 °C,
respectively, under identical conditions. This observation sug-
gests an increase in sample temperature depending on the
PGNR concentration in the solution. Deionized water as control
exhibits no significant change in temperature, while the tem-
plate, at the highest measured concentration (~300 pug mL™")
displayed a marginal increase in temperature of 12 °C only. To
assess the reusability of the PGNR material, we evaluated the
photothermal stability of PGNR and PGNR-DOX-Gel by subject-
ing them to three cycles of laser irradiation (ON), followed by

55 — 1200
—o— MilliQ Water (a) )))))))) * PGNR 10 cm, 650mW/cm? (b) ® .
so o Tempiate300  NTE __ qe0® 1000 Linear Fit of Sheet1 M (d
—o— 50ug/mL ol o°

——150 . e
454 . 300 o
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)
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& 8
8 8
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N
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Time (sec) 0 1 -Ln(0) 2 3

Fig. 3 (a) Elevation of temperature of aqueous dispersion of different
concentrations of PGNR upon 20 minutes continuous 750 nm laser
exposure. (b) Cooling time vs. negative In(6), where 6 is derived from
temperature difference gained from solution (300 pg mL™) as mentioned
in (@). (c) IR thermal image of 300 ug mL~* PGNR sample at different time
gaps during laser irradiation.
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deactivation (OFF), as shown in Fig. S10 (ESIt). The materials
maintained their effectiveness throughout these cycles, demon-
strating good reusability for multiple laser treatments. Fig. 3b
demonstrates PGNR’s exceptional photothermal performance.
The cooling curve exhibits a linear relationship between cooling
time and the natural log of temperature difference, (—In (0)),
yielding a time constant of ~420.03 seconds. Furthermore, the
calculated photothermal conversion efficiency is 79.25%, out-
performing most existing NIR-I/II-based hollow nanostructures
(Table S1, ESIT).">**>* In Fig. 3c, we present thermal
images captured at various time intervals during irradiation on
300 pg mL~' PGNR solution with a 750 nm laser (1 W) for
10 minutes. The thermal maps of the samples indicate a uniform
temperature increase in the region of the samples close to the
laser irradiation. It can be observed that with an increase in the
time interval, the temperature increases and finally reaches
equilibrium after 15 minutes. These results demonstrate that
PGNR is an excellent photothermal candidate.

3.4 DOX loading and release

The drug loading and its release properties of PGNR are
presented in Fig. 4a. The absorbance of the supernatant
(at 488 nm), a signature of DOX concentration, decreased
significantly over time, confirming successful drug encapsulation
on the porous PGNR surface. As evidenced from the literature, the
aromatic ring of DOX exhibits good interaction with cationic gold
nanostructure and is expected to be absorbed in the porous
structure of PGNR to facilitate encapsulation.® The PGNR synthe-
sized here exhibits an excellent drug encapsulation efficiency of
~98%, which is comparable to some of the best drug carriers
reported in Table S2 (ESIT).** *® For this system, we estimate that
the amount of drug loaded per unit mass of the nanocarrier is
~10%. This result indicates that even though we have excellent
drug encapsulation efficiency, the drug loading per particle/PGNR
can be improved in the future.

In Fig. 4b, we show the pH-dependent stability of the loaded
drug on the PGNR. Drug release was found to depend on the
time and the pH of the environment. The rate of drug release
was found to increase with time at all pH levels. We find that
drug release is more stable at high pH (6 and 7); however,
lowering pH environments (pH 4 and 5) triggered faster release,
with around 20-25% of DOX release after 40 hours (Fig. 4b).
The triggered drug release in an acidic environment might be
due to the complete ionization of DOX molecules, which
reduces their hydrophobicity and promotes desorption from
the PGNR surface. The estimate of the time-dependent cumu-
lative drug release shown in Fig. 4b was derived from UV-vis
absorption data at various pH levels (Fig. S7, ESIt). For all
malignant cell studies, these nanocarriers are subjected to an
intrinsic acidic pH environment, and we incorporate the PGNR-
DOX system within the gelatin-tannic acid-based hydrogel.
This hydrogel exhibits thermoresponsive behavior for con-
trolled and stimuli-based drug release.””*®

Interestingly, porous gold nanorods offer significantly
greater advantages than solid gold nanorods in terms of cargo
loading and photothermal efficiency. We performed a thorough

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) DOX loading on the porous matrix of PGNR is observed using a
UV-vis spectrophotometer and (b) release of DOX from PGNR-DOX in
response to pH stimuli.

literature survey, comparing the performance of porous vs.
solid nanorods (for the same dimension of rods), and the
existing studies unravel significantly smaller photothermal
conversion efficiency for solid nanorods.*® Studies by R. Wang
et al., have shown that the photothermal conversion efficiency
of solid gold nanorods (of length ~100 nm similar to our PGNR
system) exhibits an efficiency of 51%,>® measured using an
809 nm laser at 1.72 W. Excitingly, our porous nanorods, with
comparable size, exhibit (~79%) significantly higher photo-
thermal efficiency. The performance of porous gold nanorods
reported in this work is analyzed through SAXS, BET and drug
loading efficiency measurements. Additionally, the high surface
area in porous gold nanorod systems allows them to carry
larger amounts of cargo.

3.5 Photothermal behavior of stimuli (temperature and pH)
responsive hydrogel

The thermoresponsive properties of the PGNR sample dis-
persed in Ge-Ta hydrogel are measured by performing viscoe-
lastic studies using a TA 30 rheometer. First, an amplitude
sweep test was carried out by subjecting the hydrogels (Ge-Ta
hydrogel, PGNR-DOX-gel) to variable strains ranging from 0.1 to
1000% to identify the linear viscoelastic region. As shown in
Fig. 5a, both the storage modulus (G’) and loss modulus (G”)
exhibit constant values at oscillation strains in the range of
~0.1-40%, indicating a linear viscoelastic regime. Therefore, a
strain of 10% within this linear regime was chosen for all
subsequent dynamic measurements.

Frequency sweep measurements at various temperatures
were conducted to determine the gel’s melting point by evalu-
ating the crossover of the elastic modulus and loss modulus
(Fig. 5b). The gel-melting temperatures for the Ge-Ta hydrogel
and PGNR-DOX-gel were observed to be 33.0 °C and 42.3 °C,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Amplitude sweep test with strain variation (0.1-1000%) of Ge-
Ta and PGNR-DOX-gel at 1 rad s~ frequency. (b) Temperature sweep test
of the Ge-Ta and PGNR-DOX-gel hydrogel at 1 rad s~* frequency and 10%
strain, (c) quantification of the swelling percentage of Ge-Ta and PGNR-
DOX-gel hydrogel at pH 7 and pH 5, and (d) DOX release at intracellular pH
with 750 nm laser irradiation (5 minutes ON-OFF cycle) from PGNR-DOX
particle and PGNR-DOX-gel.

respectively. The gel phase exhibited dominant elastic charac-
teristics with G’ > G”. However, upon transition to the sol
phase, this behavior flips, indicating a viscous liquid-like state
with G’ < G”. The temperature-responsive phase transition
suggests the potential for controlled drug release by manipulat-
ing the gel’s phase transition.

Further, the pH-responsive swelling and stability of PGNR-
DOX-gel were investigated under neutral (pH 7) and mildly
acidic (pH 5) conditions. The PGNR-DOX-gel exhibited rapid
swelling, reaching a plateau within 12 hours and maintaining
minimal further changes for up to 60 hours (Fig. 5¢). However,
under acidic conditions, these hydrogels showed signs of
degradation after 24 hours. This degradation is likely attributed
to a reduction in crosslinking density due to the increased
protonation of amino groups in the acidic environment.>
Prolonged exposure to acidic conditions can compromise the
gel stability, leading to the rapid release of particles under
external stimuli of pH.

The photothermal response of suspended PGNR-DOX and
PGNR-DOX encapsulated in the hydrogel is shown in Fig. 5d
under Laser ON and OFF conditions. The cumulative drug
release data is recorded for ~1.5 hours for all the samples.
For the laser ON conditions, the sample was exposed to NIR
light for ~5 minutes. As shown in Fig. 5d, under light OFF
conditions (for 5 minutes), we estimate less drug release (1%)
for nanocarriers encapsulated in the hydrogel, whereas for the
suspended sample, we measure ~3% of drug release. These
data suggest that hydrogel incorporation is useful in control-
ling intrinsic drug release. The laser ON condition results in a
significantly large dosage of drug release, which can be con-
trolled by monitoring the number of exposure cycles to the
sample. Fig. S8 (ESIt) presents detailed results on the statistical
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significance of differences between the laser ON and laser OFF
conditions for each group shown in Fig. 5d. The laser exposure
increases the internal temperature of the material, prompting
gel-sol phase transition. Additionally, the acidic environment
weakens the cation-n interaction between DOX and Au. These
two combined effects result in the promotion of rapid drug
release. We find that repeated increases in sample exposure
result in an increase in the drug release with time, as shown in
Fig. 5d. For the PGNR system, we measured ~72% of drug
release with 7 cycles of LASER ON exposure for 5 minutes. Thus,
we show that PGNR-DOX embedded in hydrogel has the
potential for controlled and triggered drug release applications.
The laser exposure cycle provides control, and the thermore-
sponsive behavior of the hydrogel is useful for triggering drug
release. Thus, PGNR-DOX hydrogel samples have the potential
for combinatorial therapies.

3.6 Biocompatibility and cytotoxicity study

The biocompatibility and cytotoxicity behaviour of Ge-Ta
hydrogel, PGNR-gel and PGNR-DOX-gel were tested on L1929
and HelLa cells, at varying concentrations in the range from 10-
150 ug mL ™" for 24 hours. The cell viability estimates are always
>» 50% for Ge-Ta, PGNR-gel and PGNR-DOX-gel, suggesting
that these materials have negligible reverse effects on healthy
cells under LASER-OFF conditions. We observed that cell
viability decreases with an increase in the concentration of
Ge-Ta hydrogel, PGNR-gel and PGNR-DOX-gel and the max-
imum effect on cell viability was found for PGNR-DOX-gel.
However, these effects are not significant as we estimated that
even at very high concentrations of the material (~ 150 pg mL %),
the cell viability was ~65% for PGNR-DOX-gel treated cells. Ge-
Ta hydrogel-treated cells were minimally affected in terms of
their cell viability, and their response was very similar to that of
the control sample. Therefore, under LASER OFF conditions,
estimates of cell viability are >50% for all the samples.

Under laser irradiation (Laser ON), PGNR-DOX-gels treated
with L929 cells demonstrated a dose-dependent response
(Fig. 6a). Up to a concentration of 100 pg mL™", cell viability
remained above 50% (IC50 value). However, higher concentra-
tions of the material significantly decreased cell viability. This
suggests that a maximum dosage of 100 pg mL ' of PGNR-
DOX-gel material is safe and suitable for in vitro studies.
Thus, all the colorimetric assays for cytotoxicity evaluation
were performed at varying material concentrations of up to
100 pg mL ™.

The AlamarBlue assay in HeLa cells under both laser OFF
and ON conditions is shown in Fig. 6b. For free DOX, we reach
an IC50 value at material concentrations > 20 pg mL %
however, the reported literature evidenced that 13 pg mL™" of
DOX is enough to achieve significant IC50 against HeLa cells.>>
At a maximum concentration of ~100 ug mL ™" of free DOX, we
find that almost all the Hela cells are dead, suggesting ~ 0%
cell viability. Further, on the incubation of HeLa cells with
PGNR and PGNR-DOX-gel, we measured approximately 82%
and 75% of cells that remained viable, respectively, under laser
off conditions. Thus, we conclude that both the PGNR-hydrogel
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Fig. 6 (a) Biocompatibility assay of L929 cells after treatment with (0, 10,
20, 50, 100, 120, and 150 pg) concentrations of the Ge-Ta hydrogel,
PGNR-gel and PGNR-DOX-gel for 24 h. (b) Viability of HeLa cell line post-
incubation with (0, 10, 20, 50, and 100 pg) concentrations of the Ge-Ta
hydrogel, PGNR-gel and PGNR-DOX-gel in the absence and presence of 5
minutes, 750 nm laser irradiation (650 mW cm~2 at 5 cm height).

and PGNR-DOX-hydrogel exhibit minimal cytotoxicity effects
on cell viability under laser OFF conditions. Interestingly, laser
irradiation for 5 minutes (750 nm 650 mW cm?) showed
remarkable acute toxic effects, and cell viability declined to
60% and 25% for PGNR-gel and PGNR-DOX-gel samples,
respectively (Fig. 6b). The difference in cell viability for both
L1929 and HeLa cells under laser ON and OFF conditions is
statistically depicted in Fig. S9a and b (ESI}), respectively.

These data suggest that even PGNR-gel has a strong cell-
killing ability through photothermal phenomena. The signifi-
cantly large decrease in cell viability for PGNR-DOX-gel com-
pared to PGNR-gel can be explained as the local temperature
increases due to the strong absorption of PGNR dispersed in a
gel matrix. Gel-sol phase transition of thermo responsive hydro-
gel facilitates hyperthermia and PGNR-DOX release. A significant
drop in cell viability is induced by the controlled release of
doxorubicin in response to external stimuli. This, combined with
the intrinsic acidic pH environment of Hela cells due to malig-
nancy, offers the high performance of our sample.

To summarize, our study demonstrates that 50% growth
inhibition of HeLa cells can be achieved using 20 pg of PGNR-
DOX-gel, 100 pg of PGNR material, or 20 pg of free doxorubicin
(Table S2, ESIf). Hence, we conclude that the combinatorial
therapeutic material leads to less usage of direct chemo drugs

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Confocal images of DAPI-stained Hela cell lines in the dark and
laser treatment for 5 minutes under 750 nm. Control: (a), (d), (g), and (j),
PGNR-gel treated: (b), (e), (h), and (k), and PGNR-DOX-gel: (c), (f), (i), and (1).

and high efficiency of photo and chemo therapy together
compared to individual photo and chemotherapy.

3.8 Confocal imaging

The real-time confocal images of HeLa cells treated with PGNR-gel
and PGNR-DOX-gel are shown in Fig. 7 (under laser on and off
conditions) to visualize the cytotoxicity effects. It can be observed
from the DAPI-stained nuclei that exposure to laser light on HeLa
cells does not affect cell viability. The images in Fig. 7a and d and
Fig. 7g and j show that Hela cells exhibit healthy nuclei under
both the laser OFF and ON conditions, respectively. For the laser
OFF condition, no notable morphological changes were detected
for the HeLa cells treated with PGNR (b) and (e) or PGNR-DOX-
gels (c) and (f). With Laser On, the HeLa cells displayed evidence
of nuclear rupture compared to the control groups. Further, it can
be observed that the nuclei rupture concentration increases for
PGNR-DOX-gels and laser On. These results are consistent with
the observation from the cytotoxicity measurements shown in
Fig. 6b. Bright field images of the cytoplasmic state of each
treatment in Fig. 7 are represented separately in Fig. S11 (ESIT).
An analysis of multiple laser scanning confocal image frames
revealed a clear distinction in cell death rates between the groups
(control, PGNR, and PGNR-DOX-Gel under laser OFF and ON) in
Fig. 8. Notably, the control group, regardless of laser activation (ON
or OFF), exhibited negligible apoptosis. In contrast, HeLa cells
treated with PGNR and PGNR-DOX-gel under laser irradiation (ON
condition) displayed significant cell death, reaching 15% and 27% in
each confocal image frame, respectively. The statistical significance
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Fig. 8 Quantification of apoptosis rate from multiple confocal image
frames using automated cell counting in ImageJ software.

was calculated with a one-way ANOVA test with alpha 0.05, *p is
0.021, **p is 0.0094 and ****p is <0.0001. These findings suggest
that the combined photothermal and chemotherapeutic approaches
via cytoplasmic treatment effectively stimulate nucleoplasm activity,
potentially leading to the elimination of malignant cells.

Conclusion

We successfully synthesized cysteamine-functionalized gold
nanorods (PGNRs) using a galvanic replacement method. A
detailed characterization of size and surface chemistry was
performed to obtain uniform homogeneous nanoparticle dis-
persions. The porous nanorods possess a uniform aspect ratio
of ~2, a high surface area (261 m> g~ '), and multimodal pores
(4.5 nm, 6 nm, and 26 nm). Interestingly, PGNRs exhibit an
exceptional photothermal efficiency of 79%, which is the high-
est reported for porous materials to date, making them promis-
ing candidates for drug delivery and photothermal therapy
applications. Further, the presence of porous surfaces allows
for loading capability. The PGNR samples exhibit an excellent
drug encapsulation efficiency of ~99%. Further, PGNR-DOX is
successfully entrapped inside thermo-responsive Ge-Ta hydro-
gel for controlled DOX release in response to NIR light and
intracellular pH. In vitro experiments demonstrate that DOX-
loaded hydrogel effectively kills the HeLa cell line via synergis-
tic photo and chemotherapy. The high photothermal conver-
sion efficiency, porosity, and biocompatibility of PGNR make it
a promising material for sensing and biomedical applications.
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