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ARTICLE INFO ABSTRACT

Keywords: Nanosystems that enable the sequential delivery of various drugs with different targets are desired for improved
Photothermia cancer therapy. However, current strategies are mainly dependent on the tumour microenvironment, such as low
Nanogels

PH or enzyme-triggered release. In this work, a nanosystem design strategy for near infrared (NIR) light-triggered
sequential delivery based on lipid-gated mesoporous silica-coated gold nanorods and chitosan/alginate nanogels
was developed. The mesoporous silica particles (99 + 11 nm) were loaded with methotrexate, and further coated
with a thermoresponsive phospholipid bilayer that works as gatekeeper. These particles were then incorporated
in a chitosan/alginate nanogel matrix containing doxorubicin. The plasmonic nanogels exhbited high loading
efficiencies of ~90 % and ~85 for methotrexate and doxorubicin, respectively. Notably, this system displayed
average hydrodynamic diameters near 300 nm, low polidispersity, highly negative zeta potential (~—30 mV),
and a sustained release of both drugs under acidic and neutral conditions. Upon NIR laser irradiation, an
enhanced release of both drugs was observed, with doxorubicin exhibiting a faster release rate than methotrexate
under acidic conditions. This design strategy of NIR-triggered sequential delivery holds promise for different
drug combinations against multiple targets in tumour microenvironment in the field of multimodal cancer

Mesoporous nanoparticles
Gold nanorods
Sequential delivery

therapy.

1. Introduction

Cancer is among the principal causes of death worldwide, causing
about 10 million deaths in 2020, according to the World Health Orga-
nization (WHO) [1]. Systemic chemotherapy lacks of targeting and
selectivity leading to serious side effects and limited antitumor efficacy
[2]. The single-drug treatment efficacy is usually poor, while the com-
bination therapy of different drugs has shown improved therapeutic
outcomes [3-5]. The co-delivery by nanocarriers further enhance the
efficacy of combination therapy with the improved targeting to the
tumor site [4-6]. Vyxeos, a liposome formulation for co-delivery of
daunorubicin and cytarabine was approved by FDA, extending the
overall survival of patients diagnosed with secondary acute myeloid
leukemia (sAML) to 9.6 months compared to the 5.9 month for free drug
combination [7]. Several strategies have been described to make use of
the tumor microenvironment, which include enzyme-, pH- and
redox-triggered systems [8-11]. These systems commonly explore the

high concentration of proteases [12], reactive oxygen species [13], and
acidic pH of tumor microenvironment [14-17]. However, the degrada-
tion of the nanocarriers by these stimuli is a time-consuming process
[18], and the intrinsic heterogeneity of tumors causes problems with the
basic mechanism of these systems [14]. Instead, temperature-sensitive
systems can provide improved control over drug release [14,19-26].

Doxorubicin (DOX) and methotrexate (MTX) are widely used
chemotherapeutic agents in numerous cancers. DOX is an anthracycline
known to inhibit topoisomerase II and disrupt gene expression through
intercalation into DNA [27]. However, its use is limited by
dose-dependent side effects, such as cardiotoxicity [28]. MTX is a folate
antagonist that indirectly inhibits cell division by blocking folate-related
enzymes required in the pathways of purine and pyrimidine nucleotide
synthesis [29]. The controlled and targeted co-delivery of both drugs has
been effective against different cancer cell lines, reducing off-target
toxicity [30-32].

Here, a light-triggered system for the sequential release of MTX and
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DOX based on plasmonic chitosan/alginate nanogels was developed.
MTX-loaded mesoporous silica-coated gold nanorods were enveloped
with a phospholipid bilayer acting as a gatekeeper. The gold nanorods
(NRs) enable the conversion of near-infrared (NIR) radiation to heat
[33]. The large surface area of the mesoporous silica shell improves drug
encapsulation and release, besides enhancing colloidal stability and
biocompatibility [34-36]. However, uncapped mesoporous silica is
prone to premature drug release, which can lead to undesired side ef-
fects to normal cells/tissues during treatment. The capping with a
thermoresponsive material, such as a phospholipid bilayer, improves the
controlled release by working as a nanovalve that switches on when the
heat generated by the NRs increases temperature over the phase tran-
sition temperature of the bilayer, thus increasing the release of encap-
sulated drug. The suitability of this strategy was demonstrated for
different therapeutic and diagnostic agents [37,38]. These particles are
embedded in a chitosan/alginate nanogel loaded with doxorubicin,
which provides an additional barrier to drug diffusion. The nanogels can
be easily prepared through a straightforward ionic gelation method
using tripolyphosphate (TPP) [39]. Chitosan and alginate are
FDA-approved biopolymers with biological properties adequate for
biomedical applications, such as low-cost, biocompatibility, biode-
gradability, and non-toxicity [40,41]. These nanogels have shown
promising results in the delivery of a wide variety of therapeutic agents
[42-45], and efficient cellular uptake in several cancer cell lines [39].
Besides, the release of the loaded drugs can be enhanced through a
thermal stimulus [22].

Hence, this work aimed to develop self-assembled plasmonic nano-
gels for the delivery and sequential release of DOX and MTX through a
NIR light-triggered strategy. The developed nanosystem enables the
synergistic effect of hyperthermia and chemotherapy, enhancing anti-
tumor efficacy. The promising results and the simple formulation design
point to a great potential for the delivery of other drug combinations in
therapeutic applications.

2. Materials and methods
2.1. Materials

Tetrachloroauric acid (HAuCl4.3H20), silver nitrate (AgNOs), hy-
drochloric acid (HCl), t-ascorbic acid (AA), hexadecyl-
trimethylammonium bromide (CTAB), sodium borohydride (NaBHj),
tetraethyl orthosilicate (TEOS), sodium oleate (NaOL), doxorubicin
(DOX), methotrexate (MTX), 1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line (DPPC), cholesterol (Ch), sodium alginate (180947, Sigma-Aldrich,
15-25 cP 1 % in H0), and chitosan (448869, Sigma-Aldrich, Reykjavik,
Iceland, low molecular weight, 75-85 % deacetylation), and tripoly-
phosphate (TPP) were obtained from Sigma-Aldrich. Ultrapure water
Milli-Q® was used in the preparation of all solutions.

2.2. Development of the plasmonic chitosan/alginate nanogels

2.2.1. Preparation of the neat plasmonic nanogels

The gold NRs with an LSPR near 800 nm were prepared through a
seedless method described elsewhere [21,46]. Briefly, stock solutions of
CTAB and sodium oleate (200 mM) were added for a final concentration
of 38 mM and 12.5 mM (final volume 10 mL), respectively, and topped
up to 5 mL with Milli-Q water. Then, 5 mL HAuCly (1 mM), 240 pL
AgNO3 (4 mM), 50 pL HCI (11.7 M), and 75 pL ascorbic acid (85.8 mM)
were sequentially added with an interval of 5 min after each addition.
Then, 7.5 pL freshly prepared NaBH4 (10 mM) was rapidly injected into
the mixture. The stirring was stopped and the mixture was kept at 30 °C
for 4 h. The AuNRs were washed twice with Milli-Q and repeating
centrifugation at 9000g for 30 min. The isolated AuNRs were posteriorly
used for addition of mesoporous silica shell, as described elsewhere
[21]. The AuNRs were resuspended in CTAB (100 mM), at a final gold
concentration of 5 mM. Then, 3.4 mL of a 6 mM CTAB, 10 mL of ethanol
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and 22.3 mL of water were kept at 30 °C in a 50 mL round beaker under
magnetic stirring. After 10 min, 67 puL of NH4OH (25 vol %) were added,
followed by 1 mL of the prepared AuNR solution. After 5 min, 27 pL of
TEOS was added dropwise under vigorous stirring, and the reaction
mixture was kept at 60 °C for 2 days. The synthesized particles were
centrifuged (30 min; 9000 g), and washed in ethanol. To remove the
CTAB from the pores, the particles were resuspended in 10 mL ethanol
and HCI (1 v/v%) and left under stirring and reflux for 6 h at 60 °C. The
particles were washed three times in ethanol by centrifugation (15 min;
9000 g), and redispersed in 1 mL ethanol for further use. The enveloping
of the obtained NR@Si mesoporous particles with a phospholipid
membrane was adapted from Ref. [37]. Different lipid concentrations
for a DPPC:cholesterol 7:3 ratio were tested to optimize the nano-
particles’ coverage. A 10 mM lipid solution in chloroform was evapo-
rated with a stream of ultrapure nitrogen gas. Then, 200 pL of an
ethanolic dispersion of NRs@Si (0.5 mg/mL) were added to the lipid
film, sonicated for 10 min, and evaporated with a stream of ultrapure
nitrogen gas. The resulting lipid film was resuspended in 1 mL of ul-
trapure water. The preparation of plasmonic nanogels was adapted from
a method described elsewhere [22,39]. The aqueous dispersion of
lipid-gated mesoporous particles was centrifuged (20 min, 9000g), the
pellet was redispersed in 100 pL of 0.1 wt% TPP, and added
drop-by-drop to 900 pL of 0.1 wt% chitosan under vigorous stirring.
After 10 min, the solution was diluted 1:1 with ultrapure water, and
added drop-by-drop to 2 mL of 0.1 wt% alginate solution under stirring.
The pH was adjusted between 7.1 and 7.5 by adding 0.025 mM NaOH.
Afterward, the nanogels were centrifuged at 3500g for 10 min, and
redispersed in 1 mL of 10 mM phosphate buffer pH = 7.4. The dispersion
was stored at 4 °C.

2.2.2. Preparation of drug-loaded plasmonic nanogels

Encapsulation of methotrexate in the mesoporous particles was
carried out through incubation in acetone for 24 h. Different particle:
MTX mass ratios (1:1; 2:1; 3:1; 4:1) were assessed, and the particle mass
was fixed at 0.5 mg/mL. The solution was then added over the lipid film,
evaporated with ultrapure nitrogen gas stream, redispersed in ethanol,
followed by the as-mentioned lipid-gated mesoporous particles prepa-
ration. The aqueous solution of lipid-gated mesoporous particles was
centrifuged (20 min, 9000 g) and the supernatant stored for determi-
nation of encapsulated MTX. Loading of the nanogels with DOX was
carried out by preparing a 2 mL of sodium alginate 0.1 wt% solution
containing 0.1 mg of DOX. As mentioned, the chitosan nanogels were
then added drop-by-drop to the former solution to obtained chitosan/
alginate nanogels loaded with DOX. The nanogels were centrifuged at
3500g for 10 min, redispersed in 1 mL of 10 mM phosphate buffer pH =
7.4, and the supernatant was stored to determine the encapsulated DOX.
For the purpose of drug release assays, the nanogels were loaded only
with MTX or DOX.

2.2.3. Determination of encapsulated drug and release assays

Encapsulation efficiency of MTX and DOX was determined through
UV-vis absorption spectroscopy by measurement of the non-
encapsulated content in the mentioned supernatants. The encapsula-
tion efficiency was determined as follows:

7dmgtutul - dmgnon—encapsulated

EE (%)= 100
(%) druglolal . %

Nanogels loaded with only methotrexate or doxorubicin were used
for the release assays. In microcentrifuge tubes, 100 pL of drug-loaded
nanogels (~6 mg/mL) were added. Then, 700 pL of 10 mM phosphate
buffer pH = 7.4 or pH = 6 were added to keep pH constant (bottom
reservoir); an Amicon® Ultra-0.5 mL centrifugal filter with 0.1 pm pore
size was immersed in the bottom reservoir, and filled with 200 pL of
buffer (top reservoir), resulting in a dissolution medium with a total
volume of 1 mL. The total drug concentration to be released was
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determined to be < 100 pM. The system was kept under stirring in an
orbital shaker and incubated at room temperature. Aliquots (200 pL)
were taken from the top reservoir, and replaced with fresh buffer to
maintain sink conditions, and fluorescence (Aexc = 480 nm for DOX [47];
Aexe = 370 nm for MTX [48]) was measured to determine the concen-
tration at each time point. Release assays of free DOX and MTX were
carried out (Fig. S1). Fluorescence emission calibration curves of MTX
and DOX in pH 6 and pH 7.4 are provided in Supplementary Material
(Fig. S1). Limit-of-detection (LOD) and limit-of-quantification (LOQ)
were calculated from the calibration curves as 33% and 1%, respectively,
in which o is the standard deviation of y-intercept and S is the slope of
the calibration curve (Table S1). For the assays with laser irradiation at
808 nm (1 W/cmz), the samples were irradiated for 10 min after each
aliquot. Release profile assays were performed in triplicate.

2.3. Characterization techniques

2.3.1. General spectroscopic methods

Absorption spectra were recorded using a Shimadzu UV-3600 Plus
UV-Vis-NIR spectrophotometer (Shimadzu Corporation, Kyoto, Japan).
Fluorescence measurements were carried out using a Horiba-Jobin Yvon
Fluorolog 3 spectrofluorimeter. FTIR spectra were measured using a
PerkinElmer Spectrum Two™ IR spectrometer (PerkinElmer Inc., Wal-
tham, MA, USA) with an attenuated total reflectance (ATR) accessory.
The average hydrodynamic diameter and zeta potential of the nano-
particles (n = 3 independent runs) were measured in 10 mM phosphate
buffer pH 7.4 at 0.01 mg/mL in a Dynamic Light Scattering (DLS)
equipment Litesizer™ 500 from Anton Paar (Anton Paar GmbH, Graz,
Austria), using a semiconductor laser diode of 40 mW and A = 658 nm, a
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backscatter angle (175°), and a controlled temperature of 25 °C.

2.3.2. Photothermia measurements

To obtain the photothermia profiles upon irradiation of the nano-
particles, the sample (200 pL) was prepared in a 0.4 cm polystyrene
cuvette, placed in a sample cuvette holder with the temperature stabi-
lized at 25 °C, and irradiated with an 808 nm laser. The temperature was
measured by placing a K-type thermocouple 1 cm inside the sample. The
samples were irradiated at 1 W/cm? at different concentrations and with
deionized water as a negative control until the suspension reached a
steady-state temperature to calculate the photothermal conversion ef-
ficiency. The photothermal stability of nanoparticles was studied by
irradiating the samples for 3 min, followed by cooling to room tem-
perature without laser irradiation for 6 cycles. The photothermal con-
version efficiency was calculated from the equation [49,50]:

hS (Tmax - Tsurr) - Qdis
I(1—107)

”:

where T, is the equilibrium temperature, T\, is the surrounding
temperature, h is the heat transfer coefficient, S is the surface area of the
container, Q is the heat dissipation from the light absorbed by the
solvent and container, I is the laser power, and Agyps is the samples
absorbance at 808 nm. The time constant (z;) was obtained through the
linear fitting of the equation to the cooling phase:

T - Tsurr

t=—t,In——Ff—
: Tmax - Tsurr

The obtained value of 7, enabled the calculation of 2S = mC/z;, in
which m = 0.2 g and C = 4.185 J/g/K are the mass and specific heat
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Fig. 1. (A) STEM image of mesoporous silica-coated gold nanorods (NR@Si). Inset: HR-TEM image of NR@Si. (B) UV-vis absorption spectra of gold nanorods (NR),
and NR@Si. (C) Hydrodynamic diameter and polydispersity (PDI) of NR, NR@Si, and lipid-gated mesoporous silica-coated gold nanorods (NR@Si@Lip). Inset: Zeta
potential of the respective particles. (D) Heating profiles of different concentrations of NR@Si under 808 nm laser irradiation (1 W/cm?). Inset: Specific absorption
rate (SAR) dependence on the particle concentration. (E) Heating cycles of NR@Si nanoparticles at 0.3 mg/mL under 808 nm laser irradiation (1 W/em?). (F)
Hydrodynamic size, and polydispersity of NR@Si@Lip prepared with variable lipid concentration. The NR@Si nanoparticles were kept at a fixed concentration of 0.1
mg/mL. Inset: Zeta potential of the respective particles. (G) FTIR spectrum of the NR@Si@Lip. (H) TEM image of NR@Si@Lip nanoparticles. (I) Normalized UV/vis/
NIR absorption spectrum of NR@Si@Lip. Inset: Dependence on temperature of the mean count rate of NR@Si@Lip.
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Fig. 2. (A-C) SEM images of plasmonic nanogels with different magnifications. (D) STEM image and (E) size histogram of plasmonic nanogels. (F) FTIR spectra of
nano-hydrogel (red) and plasmonic nanogel (black). (G) Comparison of the hydrodynamic diameter, polydispersity and zeta potential of plasmonic nanogels (PNG)
with the lipid-gated mesoporous silica-coated gold nanorods (NR@Si@Lip). (H) Heating profile of plasmonic nanogels under 808 nm laser irradiation (1 W/cm?) at 2
mg/mL, and the respective (I) heating cycles. (J) Comparison of the hydrodynamic diameter, polydispersity and zeta potential of plasmonic nanogels (PNG) with and

without exposure to six cycles of 808 nm laser irradiation (1 W/cm?).

capacity of water in the cuvette, respectively.

2.4. Biological assays

2.4.1. Cell culture

HEK293 cells, derived from primary embryonic human kidney, and
human SH-SY5Y neuroblastoma cells were grown at 37 °C, in a humid 5
% COq, in Dulbecco’s Modified Eagle’s medium (Gibco) supplemented
with 10 % heat-inactivated fetal bovine serum (Gibco), 1 % antibiotics
(penicillin 100 U/mL and streptomycin 100 pg/mL) (Gibco), and 1 % -
glutamine (Gibco). U373 MG human glioma cell cultures were kept at
37 °C and 5 % CO, under sterile conditions in Dulbecco’s modified
Eagle’s medium (Gibco), supplemented with 10 % fetal bovine serum
(Gibco, plus 1 % antibiotics (penicillin 100 U/mL and streptomycin 100
pg/mL) (Gibco).

2.4.2. Cell viability

The effect of plasmonic nanogels with and without drugs on the
survival of U373 human glioma cells, SH-SY5Y human neuroblastoma
and HEK293 cell lines was determined by the MTT assay (3-[4,5-dime-
thylthiazol-2-yl]- 2,5-diphenyltetrazolium bromide), using the Cell
Proliferation Kit I (Roche Diagnostics, Mannheim, Germany). The cells
were expanded, cultured in a 96-well plate, and treated with various
concentrations of nanogels. Methanol 10 % and Triton X-100 % culture
media were used as the positive and negative controls, respectively.
MTT solution was added to each well 24 h after treatment, and the plates
were then incubated for 3 h at 37 °C. MTT, which is soluble in water, is
transformed into insoluble formazan by succinate dehydrogenase within
the mitochondria via tetrazolium ring cleavage. After the supernatant
was removed, 100 pL. DMSO (Sigma) was added and the optical density
was estimated at 590 nm using an ELISA reader as described in the MTT

assay protocol.

2.5. Statistics

Characterization and drug release assays were performed in tripli-
cate (n = 3), and the results were displayed as mean + standard devi-
ation. Regarding the biological assays, the assays were performed with
n = 6, and the GraphPad Prism 7 software (GraphPad Software Inc., San
Diego, CA, EUA) was used to manage the resulting data and to perform
the statistical analysis. A two-sample Student’s t-test was used to analyse
differences between different groups. Statistically significant results are
assumed considering a p-value <0.05. Analysis of Variance (ANOVA) is
a statistical tool used to determine each factor’s importance in an
outcome. Tukey’s multiple comparisons were used to evaluate and
compare compressive and flexural strength values using a one-way
ANOVA test at a p-value of 0.05.

3. Results and discussion

3.1. Characterization of the lipid-gated mesoporous silica-coated gold
nanorods

Replicas of the synthesized gold nanorods display LSPR and TSPR
bands maxima of 814 + 9 nm and 509 nm (corresponding to an aspect
ratio >3.5) [46], respectively, and an average LSPR-to-TSPR ratio of
5.05 + 0.06 (Fig. S2), which is indicative of good shape purity [51,52].
The addition of the mesoporous silica shell afforded nanoparticles with
an average particle size of 99 + 11 nm, and a blueshift of the LSPR band
to ~760 nm, as described elsewhere (Fig. 1A, B and S2 in Supplementary
Material) [21]. This blue-shift can be associated with the smaller overall
refractive index of the mesoporous silica coating around gold nanorods



F. Costa-e-Sa et al.

Journal of Drug Delivery Science and Technology 96 (2024) 105723

Agmo B §1°° C' 0- EBOO =5
> 2 80 I el T £-10
g 80y I 5 o 80y Se00} £ 520 X
8 T 8 @ S E 3
S 60f S 60t 1 £ 2
£ £ =i I g -40 "
) ) 5 T4001 T on® ook ik 1\*\1\
5 40 S 40f HE * o,
ko 5 S200f = :
3 20} = 20} 2{g200 R
2 -3 B -
§ 0 g o . . ‘g ol— . . =
w ;\-.\ ?'-_\ 3-_\ A“\ w “\"1\ DO‘I\ I ‘,‘.\G DQ‘I\ “\T‘I\ 00*;(“
NR:MTX
D [ rems ES™ e Femr—m,
—  PNGH P " —pH=T.
[—PNG+MTX+DOX 3 15l " pPH=74 S 40t — — pH=6+ Laser a
S S g o — — pH=6+ Laser g N pH=7.4+Laser,§——”
5 .. _ul s = ——pH=7.4+Laser 3 30} r}”,’ &
] . 1= - b
S ¢’ 500 600 700 o 10 2 //’E .
_u A (nm) % £ 20 -);Q, _ gt
5 5 Em- g
A |k o3 e
oo oo
400 500 600 700 0 20 __ 40 60 80 0 20 _. 40 60 80
A (nm) Time (h) Time (h)

Fig. 3. (A) Encapsulation efficiency of methotrexate (MTX) obtained for several NR:MTX ratios. (B) Comparison of the encapsulation efficiency of methotrexate
(MTX) and doxorubicin (DOX) in plasmonic lipogels (1:1 drug:NR ratio). (C) Comparison of the hydrodynamic diameter, polydispersity and zeta potential of neat
plasmonic nanogels (PNG) and loaded with MTX and/or DOX. (D) Fluorescence emission of MTX (Aexc = 370 nm) in lipid-gated mesoporous silica-coated gold
nanorods (NR@Si@Lip), plasmonic nanogels loaded with MTX (PNG + MTX) and DOX (PNG + DOX + MTX). Inset: Fluorescence emission of doxorubicin (Aexc =
480 nm) in plasmonic nanogels loaded with MTX and DOX. Cumulative release of (E) MTX and (F) DOX from plasmonic nanogels in pH = 6 and pH = 7.4 with and
without exposure to laser irradiation (808 nm, 1 W/cm?, 10 min after each aliquot). The release profiles were fitted to Gompertz model over 76 h.

surface than the CTAB coating, as described by Wu et al. [53]. TEM
images and EDS mapping (Fig. 1A-S3 and S4) indicated the presence of
silica particles containing a single nanorod, and also without nanorods.

DLS measurements were also carried out, in which the hydrody-
namic size corresponds to a spherical particle with a diffusion coefficient
equivalent with the measured particles [54]. The intensity distribution
profiles of gold nanorods displayed contributions under 10 nm that can
be associated with the presence of CTAB micelles (Fig. S5). These par-
ticles also exhibit a positive zeta potential (87 + 3 mV) and a hydro-
dynamic size of 97 + 1 nm (Fig. 1C and Table S2). A larger
hydrodynamic size (132 + 9 nm) and a single intensity distribution peak
were obtained after addition of the mesoporous silica shell. Yet, the
broadness indicated some polydispersity (PDI ~0.27), which is in
agreement with the TEM results. The negative zeta potential (—35 mV)
also confirmed the coating with silica, and suggested the good stability
of the nanoparticles. The latter is further supported by the lack of noise
in the correlograms (absence of sedimentation).

The mesoporous silica-coated gold nanorods exhibited great heating
generation upon laser irradiation at 808 nm (1 W/cm?), as well as good
photostability over several irradiation cycles, as displayed in Fig. 1D and
E. The incremental particle content led to a larger heating generation,
reaching a AT ~40 °C in 10 min at 0.3 mg/mL. A high heating efficiency
of 83 £+ 2 % was obtained, which is in the range of the commonly re-
ported values for mesoporous silica-coated gold nanorods [55,56].
Additionally, as described in other works [57], SAR values slightly
increased with concentration, suggesting that under these conditions
light absorption is homogeneous along the nanoparticles’ suspension.

Different lipid concentrations, for a DPPC:cholesterol 7:3 ratio, were
initially assessed (Fig. 1F). A lipid concentration of 0.2 mM for 0.1 mg/
mL of mesoporous nanoparticles afforded a smaller size (144 + 5 nm),
lower PDI (~0.22) and less negative zeta potential (—17 + 1 mV) among
the tested formulations (0.1-0.6 mM lipid concentration), indicating a
suitable coverage of the particles. Fig. 1C provides a comparison of the
lipid-gated nanoparticles (NR@Si@Lip) with the neat nanorods (NRs)
and silica-coated nanoroads (NR@Si). The coating with a phospholipid
bilayer was also evaluated by FTIR spectroscopy (Fig. 1G). The peak
near 1060 cm™! is assigned to the mesoporous silica shell Si-O-Si vi-
bration. The peaks near 2851 cm ™! and 2918 cm™! can be assigned to
symmetric and anti-symmetric CH, stretching, and the C=O

deformation is assigned to the peak near 1736 cm ™!, thus confirming the
attachment of the lipid bilayer to the surface of mesoporous particles
[37]. TEM images further supported the adsorption of the lipid bilayer
(Fig. 1H). The LSPR band remained unaffected by the addition of the
lipid bilayer (Fig. 11), as described elsewhere [37]. Regarding the sta-
bility, the NR@Si@Lip particles displayed a slight increase (~10 nm) of
the hydrodynamic diameter with increasing temperature, from 25 °C to
50 °C (Fig. S6), and the temperature dependence of the mean count rate
also suggested the phase transition of the lipid bilayer near 40 °C
(Fig. 1H inset). Nevertheless, the low polydispersity (~0.2) remained
mostly unchanged across the evaluated temperature range, thus indi-
cating the good stability of the nanoparticles.

3.2. Characterization of the plasmonic nanogels

Electron microscopy images of nanogels containing the lipid-gated
mesoporous silica-coated gold nanorods (Fig. 2A-D), hereafter
referred as plasmonic nanogels (PNG), revealed the presence of rounded
particles and some agglomerates, which can result from the drying
process of the samples and/or the nanogels containing cluster of nano-
particles. Additional SEM and TEM images are included in Fig. S7 that
further suggest nanogels comprising a single or a cluster of nano-
particles. Similar observations were described for chitosan/alginate
nanogels containing magnetic multicore nanoparticles [22]. The nano-
gels displayed an average size of 115 + 28 nm (Fig. 2E), which indicates
that the nanogels are mostly comprised of a single NR@Si@Lip particle
(99 + 11 nm). It is worth pointing out that electron microscopy is per-
formed under vacuum and thus, the obtained size corresponds to a
collapsed state of the nanogel. Besides, the images further suggest the
nanogels to be non-porous, providing a slow drug release rate [58,59],
which is useful for controlled and sustained release of the encapsulated
drugs in stimuli-responsive systems.

FTIR spectra of nano-hydrogels (without encapsulated nano-
particles) and plasmonic nanogels are displayed in Fig. 2F. Character-
istic wavenumbers for chitosan and alginate are highlighted [60-63].
The main peaks were detected near 1630 cm~! (C=0 stretching), and
1550 cm ™! (N-H bending vibrations). Other peaks include 1414 cm ™!
(C=0), 1157 cm ! (asymmetric stretching of the C-O-C bridge of the
saccharide rings), 1077 cm ™! and 1035 cm ™! (commonly assigned to the
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stretching of the C-O-C bond of the glycosidic links in chitosan and
alginate, respectively). The peaks of lipid bilayer near 2853 cm™! and
2921 cm ! were also identified in the plasmonic nanogels. The domi-
nating contributions of chitosan/alginate nanogel matrix indicates that
the NR@Si@Lip particles were successfully encapsulated in the nanogel
matrix. Besides, comparison of nano-hydrogels and plasmonic nanogels
shows that no significant differences were obtained in the peaks’
wavenumbers due to the interactions between the nanogel matrix and
the composites.

The resulting plasmonic nanogels displayed good polydispersity,
strongly negative zeta potential in 10 mM phosphate buffer pH = 7.4
(near —30 mV), and a hydrodynamic size larger than 300 nm. The larger
size from DLS is associated with the swellable ability of chitosan/algi-
nate polymers [22,39,60,64]. The negative charge is a result of alginate
consisting of alternating blocks of p-(1 — 4)-linked-p-mannuronic acid
and a-(1 — 4)-linked-1-glucuronic acid [65], and closely matches other
reported values [60,66]. Besides, it indicates that the nanogels display
good colloidal stability, and that aggregation might be averted (also
suggested by the correlogram in Fig. S8).

The plasmonic nanogels exhibited great heat generation (Fig. 2H)
and photostability (Fig. 2I) upon several cycles of laser irradiation (808
nm, 1 W/cm?). The light-to-heat conversion efficiency decreased to a
value of 30 + 1 % compared to the mesoporous silica-coated gold
nanorods, possibly due to the additional scattering by the nanogel ma-
trix. Besides, after irradiation, the hydrodynamic size was found to
slightly decrease (Fig. 2J), and the zeta potential became less negative,
possibly due to some heat-induced depolymerization of the nanogel’s
alginate shell, and consequent exposure of positively-charged chitosan
matrix. The presence of smaller particles after irradiation was suggested
by the intensity distributions (Fig. S9 in Supplementary Material).

3.3. Drug loading of plasmonic nanogels

Initially, several NR:MTX ratios were assessed to optimize MTX
loading (Fig. 3A-510). The best encapsulation efficiency (EE% ~ 90 %)
was obtained for 1:1 ratio, which afforded MTX-loaded NR@Si@Lip
particles with an average hydrodynamic size of 153 + 8 nm, low PDI
(0.21 + 0.02), and similar zeta potential (—20 + 1 mV) to the unloaded
nanoparticles. Following these results, the NR:DOX ratio was also kept at
1:1 (Fig. 3B), displaying an encapsulation efficiency near 85 %, which is
similar to other reported values [22].

The loading of nanogels with DOX and MTX did not induce major
changes in the hydrodynamic diameter and polydispersity (Fig. 3C and
Fig. S11). The latter remained close/within the 0.1-0.2 range, which is
considered acceptable for drug delivery applications [67]. A slight
decrease of the zeta potential was obtained upon encapsulation of DOX.
This is a result of the positive charge of DOX, leading to a screening of
the negatively charged groups of alginate through electrostatic in-
teractions [68]. Nonetheless, the negative zeta potential suggests an
absence of free DOX amino groups on the nanoparticles surface, which
aligns with the high encapsulation efficiency. Besides, the mean diam-
eter around 300 nm was reported to be suitable for intravenous injection
of chitosan/alginate nanogels [68].

The fluorescence of MTX and DOX further confirmed the loading in
the plasmonic nanogels (Fig. 3D). In the case of MTX, the incorporation
of MTX-loaded NR@Si@Lip nanoparticles in the nanogels led to a
quenching of MTX fluorescence emission, possibly due to a stronger
light scattering by the nanogel matrix. In the presence of DOX, no
Forster Resonance Energy Transfer (FRET) is observed between both
drugs, which is indicative that the distance between them is larger than
10 nm. This is in line with a nanogel architecture in which MTX is
compartmentalized in the mesopores of the NR@Si@Lip nanoparticles,
and separated by a thick layer from the location of DOX (electrostati-
cally interacts with the outer layer of alginate) that comprises the chi-
tosan matrix and the lipid bilayer. The strong fluorescence emission of
doxorubicin, with maximum near 595 nm, further suggests its location
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near a weakly polar environment, as described elsewhere [22]. Yon-
cheva et al. [68] demonstrated that DOX could establish electrostatic,
dipole-dipole and hydrophobic interactions with alginate through mo-
lecular interactions. Besides, chitosan/alginate nanogels were reported
to improve drug stability, cytotoxicity against cancer cells and reduce
the cardiotoxic effects of DOX [45].

3.4. Drug release assays of plasmonic nanogels

The release of MTX and DOX was carried out at pH = 6 and pH = 7.4,
to assess the pH effect and to simulate the acidic pH conditions of
tumour microenvironment and the slightly alkaline pH of physiological
media [69,70], respectively. The release profiles of both drugs were
biphasic as displayed in Fig. 3E and F, exhibiting an initial phase of
faster release followed by a sustained release during the longer second
phase. In the case of DOX, the burst effect was more pronounced in the
lower pH medium, in which near 25 % was released after 3 days vs. the
5 % in the neutral medium. This is in line with the higher hydrophilicity
of DOX at an acidic pH, facilitating its release, as well as the strong
interaction between DOX and alginate at neutral pH, due to the ioni-
zation of the amino-groups of DOX and the carboxylic groups of alginate
chains. The strong interaction between DOX and alginate is also inferred
by the drug not being completely released after 3 days. The slow release
at neutral pH is advantageous, as it can reduce the drug loss until the
system reaches the slightly acidic tumour tissue. Similar results were
reported for other drug delivery systems [68,71-74]. Besides, the release
profiles indicate that the developed plasmonic nanogels display
improved pH-responsiveness and sustained release of DOX than other
chitosan and/or alginate nanogels [68,75,76]. Regarding the release
profiles of MTX, the sustained release and shallow burst effect is indic-
ative of the strong diffusion barriers caused by the lipid bilayer and gel
matrix. Below the phase transition temperature, the lipid bilayer is in the
gel phase, which offers increased resistance to the diffusion of MTX out
of the mesopores. The chitosan matrix is positively charged at acidic pH,
which can electrostatically interact with the negative carboxylate
groups of MTX (pK, near 4.8 and 5.5) [77], thus hindering its release.
However, this effect is expected to diminish at neutral pH due to
deprotonation of the chitosan primary amines (pK, ~6.5) [78]. Addi-
tionally, MTX has enhanced solubility at neutral pH compared to the
acidic pH [79,80]. Yet, the difference between both pH conditions is
small, indicating that the system displays improved sustained release
when compared to other systems for delivery of MTX [81-85].

The drug release was also assessed under laser irradiation, consid-
ering the need of a trigger that enhances drug release, improving the
control of the system to minimize size effects of DOX and MTX, and
increasing the efficacy of the therapeutic strategy. In general, the results
showed that irradiation with an 808 nm laser (1 W/cm?) led to a slight
enhancement of the release in the initial 24 h, and also after each irra-
diation period during the slower phase. In the case of DOX, the active
release was strongly pronounced at pH = 6, while, at pH = 7.4, the
heating by the gold nanorods was not enough to enhance its release, thus
being comparable to the passive release. This effect is clinically advan-
tageous, as drug release can be spatially enhanced and controlled within
tumors and their proximity. Regarding MTX, the photothermia effect
produced similar changes in total drug release for both pH conditions. In
this sense, the developed plasmonic nanogel enables the sequential
release of DOX and MTX, in which the underlaying mechanism can be
understood as follows: 1) DOX and MTX are compartmentalized in
different components of the nanogel; 2) DOX release is hampered by the
nanogel matrix, while MTX release is also hindered by the lipid bilayer
covering the mesoporous particles; 3) DOX is initially released at a faster
rate in acidic pH owing to the greater hydrophilicity, and weaker elec-
trostatic interactions between DOX and alginate in acidic conditions; 4)
photothermia effect enhances the release of MTX by inducing both the
lipid bilayer phase transition and thermally increasing the diffusion.
Hence, having in mind the need to maintain drugs at target sites with
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Fig. 4. In vitro cell cytotoxicity assays of plasmonic nanogel in three different cell lines (left graph U251 cell line, middle graph HEK293 cell line and right graph SH-
SY5Y cell line). Different doses of plasmonic nanogel (0, 1, 5 and 10 pg/mL) at 24 h, with and without drugs. Data is represented as mean + SD, and n = 6. There was

no cytotoxic effect with any cell line at any of the doses used.

therapeutic concentrations, as well as to tune the release rate and
duration, the developed plasmonic nanogels hold promise for the
sequential delivery of doxorubicin and methotrexate.

Mathematical models were fitted to the drug release profiles
(Table S3), including the Korsmeyer-Peppas and Gompertz models [86].
The fitting analysis of DOX and MTX release profiles revealed that the
results could be better described by the Korsmeyer-Peppas model, which
can be applied to different system geometries in perfect sink conditions
[86,87]. The Gompertz empirical model was also employed for com-
parison of the release kinetics, also providing a good fitting of the release
profiles.

The parameter n of the Korsmeyer-Peppas model is an indicator of
the diffusion mechanism (Table S4). In the case of MTX, n values < 0.5
were obtained during the initial 6 h of the release profile, which are
indicative of a diffusion-controlled release mechanism, while DOX
release displayed n values > 0.85, associated with the swelling or
relaxation of network chains. The DOX release mechanism could be
associated with its location in the nanogel outer layer, as a result of the
preparation method. Besides, the release mechanism remained un-
changed despite the photothermia effect, mainly displaying an increase
of the release rate constant. Hence, the results suggest the stability of the
system under irradiation, as the release mechanism remains unchanged,
while the drug release rate is enhanced.

In line with other chitosan/alginate nanogels [42-45], cytotoxicity
assays in different cell lines (Fig. 4) revealed that both the neat and
drug-loaded plasmonic nanogels are cytocompatible, thus suggesting
that undesired side effects can be averted. The co-delivery of MTX and
DOX has been described to synergistically inhibit the growth of cancer
cells [31,32,85,88]. Li et al. [32] reported self-assembled pH-responsive
nanomicelles, in which DOX and MTX synergistically enhanced the
antitumor efficacy against different cell lines, including breast cancer
cell lines. Rajeev et al. [85] developed a graphene oxide-containing
anionic nanocarrier, which displayed pH-responsiveness and synergis-
tic effect against breast cancer in in vitro assays. However, among these
works, the release profiles commonly display a burst release of the
loaded drug, surpassing 20 % in the first 10 h. Considering the hetero-
geneity of tumour microenvironment, this burst can result in the pre-
mature release of the content and lead to undesired side effects to
healthy cells/tissues. Hence, in this work, the sustained and sequential
release, pH-responsiveness and photothermia capability can provide a
suitable strategy to improve the control of drug release, avert undesired
side effects and synergistically enhance the therapeutic efficacy.

4. Conclusions
In this work, lipid-gated mesoporous silica-coated gold nanorods

with an average hydrodynamic diameter of 144 + 5 nm were developed.
The particles exhibited an LSPR near 800 nm, negative zeta potential

(~—17 mV), and could be formulated into chitosan/alginate plasmonic
nanogels through a self-assembly method. The obtained plasmonic
nanogels with hydrodynamic diameters near 300 nm, low polydispersity
(~0.2), and negative zeta potential (~—30 mV), displayed high doxo-
rubicin (EE% ~ 85 %) and methotrexate (EE% ~ 90 %) loading effi-
ciency. Besides, physicochemical characterization suggested the good
stability of the nanosystem, but long-term stability studies are yet to be
conducted. Both doxorubicin and methotrexate were released with a
sustained profile, in which the release of the former was dominated by
the swelling or relaxation of network chains, while the latter’s release
was driven by a diffusion-controlled mechanism. Additionally, the drug
release was sequential, in which doxorubicin was released at a faster rate
than methotrexate under acidic conditions. In neutral conditions, both
drugs were released at a slow rate. Besides, the release could be
enhanced through the photothermia effect achieved under NIR (808 nm)
laser irradiation. Overall, the chitosan/alginate plasmonic nanogels
displayed promising results for controlled and sequential drug release,
with potential application in cancer therapy.
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