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Purpose: Glioblastoma multiforme (GBM) is the most common and aggressive malignant brain tumor. Conventional treatments for 
GBM include surgery, chemotherapy, radiotherapy, or a combination of these. However, emerging therapies, such as hyperthermia 
treatments, are being developed. One of these new therapies is nanoparticle-mediated photothermal therapy (PTT), a non-invasive 
treatment that converts light into heat using photoagents such as plasmonic nanoparticles. High molecular weight hyaluronic acid (HA) 
has been described as a potential inhibitor of tumor progression and exhibits a high affinity for the CD44 receptor, which is present in 
GBM cells. The in vivo efficacy of gold nanorods (GNRs) biofunctionalized with HA-700kDa in PTT has been evaluated in a murine 
GBM model.
Animals and Methods: Adult male C57/BL-6 mice (N=15), 3–8-month-old, were used for PTT experiments. CT2A cells were 
injected into the mouse brain to establish a GBM model. Tumor-bearing mice were randomly divided into three groups: Control 
(untreated, n=5), GNRs (injected with GNRs, n=5) and PTT-treated (injected with GNRs and treated with laser, n=5). After GNR 
injection, mice were irradiated with a laser at 0.98 A (250mW) for 25 min over three consecutive days.
Results: As observed in the analysis of tumor sizes from all MR images, animals treated with a laser following GNR injection 
exhibited significantly smaller tumor sizes compared to control and GNR-treated animals one week after the treatment. In addition, 
PTT treatment led to a notable improvement in the exploratory behavior of the treated animals and an increase in their life expectancy 
compared to untreated control mice.
Conclusion: This study demonstrates the efficacy of GNR-based-PTT, applied to an orthotopic tumor model, using GNRs biofunc
tionalized with HA to target GBM CT2A cells. The treatment resulted in a reduction in tumor mass and an extension of life expectancy 
in GNR-PTT treated mice.
Keywords: Gold nanorods, photothermal therapy, glioblastoma, murine tumor model

Introduction
Glioblastoma multiforme (GBM) is the most common aggressive malignant primary brain tumor.1 It is also defined by WHO 
grade IV wild-type astrocytic glioma.2,3 GBM is mainly classified into primary GBM or isocitrate dehydrogenase (IDH) wild- 
type GBM, which may develop de novo and represents 90% of diagnoses, and secondary GBM or IDH mutant GBM, which 
results from the progression of a low-grade diffuse glioma (WHO grade II and III) and represents 10% of cases.4 The incidence 
of GBM is 5 per 100,000 people in the 45–54 age group, and it increases with age and varies by sex, being 1.48 times more 
common in men.1,5 In addition, GBM is more common in Caucasians than in other ethnic groups.6
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The development of neurological symptoms, such as neurological deficits, memory loss, personality changes, aphasia, 
or visual field defects, requires neurological evaluation over a period of weeks or months.7 Magnetic resonance imaging 
is a widely used technique in clinical practice for diagnosis and follow-up.5,6 Patients with GBM have a poor prognosis 
and overall survival from diagnosis is approximately 15 months, with only 5% surviving for 5 years.8

Conventional treatments for GBM include surgery, chemotherapy, and radiation, or a combination of these. Currently, 
the main strategy to treat GBM is surgery to remove the tumor mass, followed by chemotherapy with temozolomide and 
radiotherapy.9–11 However, emerging therapies such as immunotherapy12 or hyperthermia13 are being developed to 
improve patient outcomes due to tumor resistance to chemotherapy and radiotherapy. In addition, new treatments can 
be used in combination with conventional therapies due to their synergistic effects.14

Nanoparticle-mediated photothermal therapy (PTT) is an emerging non-invasive treatment that converts light into heat 
using photoagents such as plasmonic nanoparticles (NPs). These NPs induce an increase in temperature to a hyperthermia 
range of 41–45°C in the target tissue, selectively eliminating cancer cells.15 Heating of NPs is produced by an external light 
source, such as near infrared (NIR) laser.16 PTT causes physiological changes in the tumor microenvironment, resulting in 
vasodilation and increased permeability of cancer cells. It also improves the efficacy of conventional therapies, including 
a reduction in the required dose of chemotherapy and radiotherapy.17 Multiple studies have shown that PTT induces cell death 
through necrotic and apoptotic pathways, depending on the power of the NIR laser irradiation, the type of cancer cell, and the 
heat generated.18–20 The impact of physiological changes on tumors caused by PTT can stimulate the immune system due to 
the release of exosomes and antigens from cancer cells, as well as an inflammatory response with upregulated expression of 
cytokines, all of which lead to the activation of immune cells.21

NPs are the agents in PTT that absorb light and convert it into heat. They must have good NIR absorption, 
biocompatibility and high photostability.19 NPs for PTT typically consist of metal materials such as iron oxide, graphene 
or, most commonly, gold. They can be delivered specifically to the tumor area, avoiding cytotoxic effects on other 
healthy tissues. Finally, NPs can be activated by irradiation with a NIR laser only in the target tissue.22 Different shapes 
of gold NPs such as nanospheres, nanocubes, nanoflowers and nanorods (GNRs), are useful in PTT and share several 
localized surface plasmon resonance (LSPR) properties.23,24 These optical properties depend on the LSPR, a physical 
phenomenon in which electrons oscillate when exposed to light. In the case of GNRs, they exhibit two absorption bands: 
one weak in the visible region and another strong in the NIR.25 This is advantageous compared to spherical gold NPs, 
which have a single absorption peak in the visible light region.26–28 NPs tend to accumulate in tumor tissues due to the 
leaky vasculature and defective lymphatic vessels within the tumor (a well-known effect called the increased perme
ability and retention effect), along with a compromised blood-brain barrier in advanced GBM cases.29

To target NPs to cancer cells, various biomolecules that recognize cancer cells can be attached to their surface. This 
process, known as biofunctionalization, allows NPs to be specifically targeted to cancer cells. When GNRs are injected into the 
bloodstream, they are rapidly coated with non-specific serum proteins, forming a corona protein. This corona may change the 
properties and shape of the GNRs, allowing them to be recognized by the reticuloendothelial system (RES),30 which would 
result in minimizing the PTT effect.28 Spontaneous aggregation of GNRs may also reduce the PTT effect because the 
absorption range changes, making the NPs insensitive to the specific wavelength of the laser radiation used. Therefore, GNRs 
are typically coated with polyethylene glycol to avoid recognition by the RES and to prevent aggregation.

Several molecules present in GBM cells can serve as potential targets for ligands that can be used to biofunctionalize NPs 
for PTT.31 Numerous studies have demonstrated the effectiveness of targeting molecules such as CD13332 and nestin33 to 
eliminate GBM cells. Another marker of interest is CD44, which is overexpressed in GBM cancer stem cells (GCSC). CD44 is 
a cell membrane glycoprotein primarily involved in cell adhesion and communication. It also plays a critical role in many 
biological processes, including angiogenesis, cytokine release, and leukocyte activation. In cancer, CD44 has multiple 
functions, including proliferation, migration, metastasis, invasion and epithelial-mesenchymal transition. Additionally, it 
also inhibits apoptosis and is associated with the development of resistance to chemotherapy and radiation.26,34,35

Hyaluronic acid (HA) is a natural mucopolysaccharide composed of D-glucuronic acid and N-acetyl-D-glucosamine, 
with different molecular weights (MW) ranging from a few thousand to 10 million Da. HA is the most abundant 
component in the extracellular matrix of adult soft tissues.36 The main functions of HA are to maintain tissue hydration 
due to its negative charge and hydrophilic behavior, homeostasis, and resistance to mechanical forces. In addition, HA is 
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a strong ligand for CD44 receptors, which are involved in cell-cell and cell-matrix adhesion processes.37 In pathological 
conditions, such as in GBM CT2A cells, cancer cells express characteristics and markers such as CD133 or Nanog, 
which are associated with GCSCs.38 GCSCs express CD44 isoforms with enhanced HA binding capacity,39,40 which 
affects signaling pathways involved in migration, metastasis, and invasion.41 Depending on its molecular weight (MW), 
HA can exhibit different properties that either promote or inhibit cancer proliferation.42 Low MW (<30 kDa) HA, 
a product of HA degradation by metalloproteases, is associated with increased tumor growth and invasion, thereby 
exacerbating the pathologic condition.43 High MW (>500 kDa) HA inhibits the production of metalloproteases via the 
MAPK/Akt pathway and may inhibit tumor progression. Medium MW (50–350 kDa) and low MW HA promote cancer 
cell proliferation, cell adhesion, and metalloprotease expression.44

The interaction between CD44 and HA is of interest in nanomedicine for the synthesis of biofunctionalized NPs 
capable of targeting tumors, with many applications such as drug release by nanocarriers45 or micelles.46 However, not 
all roles of the CD44-HA interaction are well understood, so further investigation is needed. NP-based PTT is 
a promising candidate for cancer treatment and could be effective in combination with conventional therapies such as 
chemotherapy, radiotherapy, and immunotherapy. Previous studies with core-shell NPs of metallic gold and HA 
synthesized by a green one-pot approach42 have demonstrated their versatility as anti-angiogenic platforms for tumor 
therapy applications.

The present study aims to determine the efficacy of GNRs biofunctionalized with HA of different MWs (GNRs-HA-200kDa 
and GNRs-HA-700kDa) in in vitro PTT using a murine GBM cell line. Given that high MW HA has been described as a potential 
inhibitor of tumor progression and that long chains of HA have high affinity for the CD44 receptor,36 present in CT2A cells, the 
in vivo efficacy of GNRs-HA-700kDa in PTT was also evaluated in a murine GBM model.

Materials and Methods
Synthesis and Biofunctionalization of GNRs
Aqueous GNR dispersions were obtained by seed-mediated growth method.25 For the preparation of seeds, 25 μL of 50 mM 
HAuCl4 were added to 4.7 mL of 0.1 CTAB solution, in 29°C water-bath under gentle stirring. After 5 min, 300 μL of freshly 
prepared 10 mM NaBH4 were added to the solution and stirred for 5 min, until color turned brown-yellow. As per the growth 
solution, 100 μL of 50 mM HAuCl4 were added to 10 mL of 0.1 M CTAB solution under stirring for 10 min, in a 29°C water- 
bath, followed by the addition of 76 μL of 100 mM ascorbic acid (solution turned colorless) and 100 μL of 5 mM AgNO3. 
Finally, 106 μL of seed solution were added and the solution left under vigorous stirring at 279°C for 15 min. Turn in color was 
observed at the end of this time. The as prepared GNR dispersion was purified by rinsing off the reactants’ excess through two 
centrifugation steps (8000 × rpm, 30 min, 29°C), with water washing in between.

As per the synthesis of hybrid GNR-HA systems, a drop by drop addition of 0.2% w/v HA solution (two different 
molecular weights, 200 and 700 kDa) was used with a HA:GNR volume ratio of 1 to 10 of was of the purified nanorods 
(sample named ‘pellet 2’) to an aqueous solution of HA in a volume ratio of 1 to 10.

Physicochemical Characterization
The plasmonic features of GNR and GNR-HA systems were scrutinized by UV visible spectroscopy. The UV-visible 
spectra were collected by using quartz cuvettes with 1 and 0.1 cm optical path length on a Perkin Elmer UV-vis 
spectrometer (Lambda 2S, Waltham, MA, USA).

Cell Culture
CT2A glioma cells were purchased from Sigma-Aldrich (SCC194). Glioma cell line was maintained in DMEM (Gibco, 
USA) with phenol red supplemented with 10% heat inactivated fetal bovine serum (FBS), 2mM glutamine and 100 units/ 
mL penicillin and 100 µg/mL streptomycin. CT2A cells were maintained in an incubator at 37 °C in a humidified 
atmosphere containing 5% CO2 and 95% air. CT2A cells were passed twice a week to ensure their optimal growth. The 
CT2A cell line was used to perform the in vitro assays and to induce tumor growth in the mouse brain for the in vivo 
experiments.
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Photothermal Device
An 808 nm-continuous wave laser (Fiber Coupled Laser System, HJ Optronics, Inc., San Jose, CA, USA) was used for 
irradiation. It has a maximum power of 5W connected to a collimator lens (F-C5S3-780, Newport Corporation, Irvine, 
CA, USA) through a one-meter-long multimode optical fiber with a core diameter of 600µm and a power transmission 
efficiency of 90%-99% (Changchun New Industries, China). In the in vitro experiments, the 96-multiwell plates were 
irradiated from the bottom through the fixed collimator. For the in vivo studies, mice were irradiated from the top once 
the collimator was fixed vertically to the stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA). To adjust 
the irradiation power accurately, the optic fiber was connected to a power meter (PM USB LM-10, Coherent Inc, Santa 
Clara, CA, USA) by an SMA fiber adapter (PN 1098589, Coherent Inc, Santa Clara, CA, USA), and the software 
PowerMaxPC (Coherent Inc, Santa Clara, CA, USA) was used to operate it.

In vitro PTT Experiments
CT2A cells were seeded at a density of 7×103 cells/well in a 96-multiwell plate. After 24h of incubation with HA-GNRs 
(1:100 dilution). CT2A cells were irradiated at 4,5W for 10 min.18 For in vitro PTT treatments, DMEM supplemented 
with 10% FBS was replaced with phenol red-free DMEM without FBS. Cell viability assays were performed to assess 
the effectiveness of the in vitro PTT experiments.

Cell Viability Assays
Two methods were employed for assessing the cell viability after HA-GNRs incubation and in vitro PTT treatments: the 
XTT assay and Calcein/propidium iodide (PI) staining.

The XTT assay was performed using the XTT kit (AppliChem), where the reduction of 2,3-bis-(2-methoxy-4-nitro- 
5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt (XTT) to a water-soluble dye occurs only in viable cells due to 
specific enzymes.47 The absorbance of each well was measured spectrophotometrically at 450 nm using an ELX808 
microplate reader (BioTeK, Winooski, VT, USA). For the calcein/PI dual-staining assay, a final concentration of 1 μM 
calcein (Invitrogen, Molecular Probes) and 2 μM PI (Sigma-Aldrich) was used to stain living cells in green and dead cells 
in red, respectively. These markers were added to each well, and fluorescence was evaluated with using an inverted Leica 
DMI300 microscope equipped with a Leica DC100 digital camera (Leica, Nussloch, Germany) after incubating the cells 
for 20 min at 37 °C in the dark.

Mouse Brain Tumor Model
The CT2A cell line is highly tumorigenic, with a successful rate to develop intracranial tumors that result in high 
mortality within 3 to 8 weeks post-injection. Tumors formed by CT2A cells exhibit noncohesive, diffuse, infiltrative, 
highly proliferative, and hemorrhagic features, resembling those of human GBM.38,48 All experimental procedures 
involving animals were carried out in accordance with Spanish regulations for animal care (Laws 53/2013 and ECC/ 
566/2015). The procedures were approved by the Ethics Committee of the Universidad Politécnica de Madrid and the 
Regional Government of Madrid (authorization code: PROEX 187.3/24) and were conducted in compliance with the 
Animal Research Reporting of In Vivo Experiments (ARRIVE) guidelines. C57/BL-6 adult male mice, 3–8 month old, 
were housed in an animal room with a 12:12 light:dark cycle, controlled temperature and with free access to food and 
water. CT2A tumor model was developed in mice as described previously by Martínez-Murillo.49 Briefly, CT2A cancer 
cells (8x104 cells/4 µL in PBS) were stereotactically injected into the mouse brain under isoflurane anesthesia (Nuzoa, 
Madrid, Spain), using a Hamilton syringe (Hamilton, Reno, NV, USA) and a mouse stereotaxic frame (David Kopf 
Instruments, Tujunga, CA, USA). The cells were implanted at the following coordinates relative to bregma: - 6 mm 
lateral −2.25mm antero-posterior, and 3 mm in depth.

In vivo PTT Experiments
Mice were randomly divided into three groups: control (untreated tumor, n=5), GNRs (tumor + GNR injection, n=5) and 
PTT treated (tumor + GNR injection followed by laser application, n=5), with a total sample size of N=15 animals. The 
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absence of any effect of laser irradiation on tumor size was previously determined.32 Four microliters of the high MW 
GNRs (700-kDa-HA-GNRs) diluted 1:100 were gradually injected at a rate of 1µL per minute in the GNRs and PTT 
treated groups. After GNR injection, mice were irradiated with a laser at 0.98 A (250mW) for 25 min over three 
consecutive days, with the laser positioned on the hole of the skull where the cells and the GNRs were previously 
injected, as illustrated in Figure 1. During the surgical procedures, an electrical blanket was used to control the mouse 
temperature.

Magnetic Resonance Imaging (MRI) Acquisition
MRI scans were performed using a BIOSPEC BMT 47/40 (Bruker, Ettlingen, Germany) operating at 4.7 Teslas and 
equipped with a 12 cm actively shielded gradient system. Scan were performed at 7 and 15 days after laser irradiation to 
assess the size, location, and evolution of the tumor. Mice were anesthetized with pentobarbital (10 mg/kg) and atropine 
(90 mg/kg). Once fully sedated, the contrast agent gadopentetate dimeglumine (0.4 mmol/kg, Gadolinium, Magnevist, 
Schering, Germany) was injected. In order to avoid unexpected movements, the mice were positioned prone inside 
a cradle. A respiration sensor was used during MRI scans to monitor the vital functions of the mice. Firstly, T2 weighted 
images were acquired using a fast spin echo sequence with the following parameters: TR= 4000 ms, effective TE= 60 ms, 
FOV= 3 cm, slice thickness=1 mm and matrix= 256×192. This matrix was increased to obtain images with a size of 
256×256 pixels. After that, T1-images were acquired using the same parameters described above. Tumor volume was 
determined using ParaVision software (Bruker, Ettlingen, Germany).

Behavioral Test
Mice were subjected to the open field test to evaluate their exploratory capacity. They were placed in an opaque box 
(40x30x30cm) without a lid for 5 minutes. The movement of each animal was continuously recorded to analyze the 
distance traveled and the velocity. Additionally, heatmaps and trajectories of the animals were visually analyzed using 
Ethovision XT© software.

Immunohistochemistry
At the end of the experiment, the animals were anesthetized with an overdose of xylazine/ketamine and intracardially 
perfused with freshly prepared, 4% paraformaldehyde (in 0.1 M phosphate buffer, pH 7.4). Brains were removed, 
postfixed for 12 h in the same fixative at 4 °C, and subsequently dehydrated in 30% sucrose solution at 4 °C until sunk. 
Coronal sections, 35 µm thick, were collected using a freezing microtome (Leica CM1950). Serial sections were used for 
immunohistochemistry using the following antibodies: nestin 1:200 (Merck), Iba1 1:1000 (Abcam) and Activated 
Caspase 3 1:800 (Invitrogen). After that, sections were incubated with the following secondary antibodies anti-rabbit 
Cy3, anti-mouse-FITC, diluted 1:200 (Invitrogen, Molecular Probes, USA) for 2h at room temperature in the dark. In 

Figure 1 Timeline of the experimental design for PTT experiments on C57BL6 mice.
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addition, nuclei were stained with Hoechst at 1:1000 in PBS for 30 minutes. Images were taken with an inverted Leica 
DMI300 microscope equipped with a Leica DC100 digital camera (Leica, Nussloch, Germany).

Statistical Analysis
The results are presented as the mean ± standard error of the mean from three to four experiments, unless otherwise 
specified. Statistical analyses were performed using GraphPad Prism software (San Diego, CA, USA). Normality was 
assessed with the Shapiro-Wilk test. Data were then analyzed using one-way analysis of variance (ANOVA) followed by 
Tukey’s honestly significant difference post hoc test for parametric data, or the Kruskal–Wallis test for non-parametric 
data. A significance level of P<0.05 was selected. Survival analyses were conducted using the Kaplan-Meier test to 
assess the efficacy of PTT treatments in the in vivo experiments.

Results
Characterization of GNRs
UV-visible spectra of GNRs before and after purification by two steps of centrifugation are shown in Figure 2. As 
expected, both the as prepared and the purified GNRs exhibit the typical plasmonic bands of asymmetrical rod-shaped 
nanoparticles. Specifically, in Figures 2 and 3 two absorption bands are clearly visible, namely a band with higher 
absorbance in the near-infrared (NIR) region (~ 800 nm, longitudinal band, λL), and band lower in absorbance falling in 
the visible region (~ 512 nm), generated by electron oscillation along the transverse axis (λT). The transverse plasmonic 
band is centered at a wavelength value comparable to that of spherical gold nanoparticles of about 10 nm in size.28

Figure 3 shows the spectra of the GNR hybrid systems with HA200 (Figure 3A) and HA700 (Figure 3B), and points to 
a significant interaction among the metal nanoparticles and the polymer chains, as evidenced by a red-shift of λL for both GNRs, 
GNR/HA200 and GNR/HA700. The quantitative analysis of the optical parameters for the spectra reported in Figures 2 and 3 are 
given in Table 1, in terms of λT, λL and the respective values of absorbance. According to the following equations (1–2):50

The aspect ratio (R) and the nanoparticle concentration (C, in nmol/L) can be calculated.
It should be noted that, after the purification (performed by two steps of centrifugation at 8,000 r.p.m, 30 min, with 

MilliQ water washing in between), the CTAB-capped GNRs exhibit a decreased ratio, namely from R=4.4 to R=4.1. This 

Figure 2 UV-visible spectra (optical path b=0.1 cm) of GNR (A) before (10x dilution of the as prepared nanorods) and after purification (10x dilution of the pellet samples). 
Image of a vial containing as prepared GNRs (B).
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fact is likely due to the partial removal of CTAB shell around the nanoparticles and the consequent partial aggregation 
effect.

Concerning the hybrid GNR samples, GNR/HA200 and GNR/HA700, before the purification, the nanoparticles 
exhibit, together with the red shift on the λL, an increased aspect ratio. This finding suggests a preferential interaction of 
the hyaluronan chains with the most ‘defective’ surface of the rod’s basal planes instead of the lateral surface of the 
cylinders.

Also, for the hybrid GNR samples, GNR/HA200 and GNR/HA700, we attempted the purification. However, in this 
case, already after one step of centrifugation (15 min at 10,000 r.p.m), a massive aggregation was observed, and the 
nanoparticles precipitated onto the walls of the Eppendorf tubes (see Figure 4).

Accordingly, we recovered the supernatant (sample named “GNR/HA” after purification) and the spectra indicated 
a decrease of approximately 62% in the nanoparticle concentration.

Instead of having a hybrid GNR/HA system where the polymer chains “decorate” the nanoparticle surface, a polymer 
matrix embeds the nanorods. As support of this hypothesis, we can observe from Table 1 that the decrease in the 
nanoparticle concentration was more evident for HA700 than for HA200.

Figure 3 UV-visible spectra (optical path b=1) of GNR-HA hybrids prepared by using hyaluronan at 200 kDa MW (HA200, (A) or hyaluronan at 700 kDa MW (HA700, C). 
Image of vials containing GNR-HA (B).

Table 1 SPR Values of wavelength and absorbance at the maximum of the trans
versal (λT, AT) and longitudinal (λL, AL) plasmon band, the calculated Aspect Ratio 
(R) for GNR, GNR/HA200, and GNR/HA700. The Last Column Reports the 
Calculated Concentration (C) for the Not Diluted Samples.

Sample λT (nm) AT λL (nm) AL R C (nM)

GNR as prepared (10x dil.) 512 0.12 834 0.39 4.4 0.7
GNR pellet 1 (10x dil.) 516 7.6 837 2.43 4.4 4.6

GNR pellet 2 (10x dil.) 516 5.7 812 1.59 4.1 3.2

GNR/HA200 before purification 512 1.14 827 1.18 4.3 0.2
GNR/HA200 after purification 512 0.23 827 0.44 4.3 0.08

GNR/HA700 before purification 521 0.76 822 0.9 4.2 0.2

GNR/HA700 after purification 521 0.2 800 0.33 4.0 0.07
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In vitro PTT Experiments
Previous to determine the effectiveness of in vitro PTT, the cytocompatibility of the HA-GNRs employed in this study 
was assessed. To determine the impact of GNR concentration on cell viability, both sizes of HA-GNRs (200 and 700 
kDa) were incubated at increasing concentrations with CT2A cells for 24 hours. Cell viability was then determined by 
means of XTT (Figure 5A) and Calcein/PI assays (Figures 5C). The results showed that cell viability was not 
compromised at a 1:100 dilution with both types of GNRs, 200 and 700 kDa HA-GNRs. The cytotoxicity profiles of 
both types of GNRs were very similar, consistent with the fact that their synthesis and subsequent HA biofunctionaliza
tion followed the same process, with the only difference being the molecular weight of the HA molecule attached to the 
GNRs. Based on these results, a 1:100 dilution was selected as the optimal GNR concentration for conducting PTT 

Figure 4 Representative photographs of the GNR/HA samples after the purification procedure. From left to right: immediately after the centrifugation (A), the aggregates 
residues on the Eppendorf (B), and the supernatant (C) (sample named “GNR/HA after purification”).

Figure 5 CT2A viability evaluated by XTT test 24h after incubation with decreasing dilutions of 200kDa-HA-GNRs and 700kDa-HA-GNRs (A) and 24h after irradiation 
with an 808nm laser for 10 minutes at 4,5W using HA-GNRs at 1:100 (B). Cell viability was also assessed by the Calcein-PI assay in CT2A cells after incubation with HA- 
GNRs at 1:100 (C) and after PTT treatments (D). Viable cells are shown in green and death cells in red. ****p<0.001. Scale bar: 200µm.
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assays in both in vitro and in vivo experiments. Regarding in vitro PTT treatments (Figure 5B and D), no decrease in cell 
viability was observed when CT2A cells were treated either with the laser alone or incubated with HA-GNRs for 
24 hours. The 808 nm laser was applied at 4.5W for 10 min without inducing any toxic effects on the CT2A cells, as 
described previously.18 However, when the laser was applied to CT2A cells that had been incubated with both types of 
HA-GNRs, most cells in the culture were eliminated, as evidenced by XTT (Figure 5B) and calcein/PI (Figure 5D) 
assays. These results proved the effectiveness of both types of GNRs in inducing hyperthermia after laser irradiation and 
demonstrated their potential use as mediators for PTT treatments. Although both types of HA-GNRs were effective in 
promoting hyperthermia in response to laser irradiation, only 700 KD HA-GNRs were selected for in vivo PTT 
experiments due to the anticancer properties associated with this molecular weight HA.

In vivo PTT Treatments Tumor Volumetry
The efficacy of PTT treatment was also evaluated in vivo, in a mouse GBM model. Three different animal groups were 
analyzed to establish the in vivo efficiency of PTT: a control group consisting of untreated tumor-bearing mice, a GNR 
group consisting of tumor-bearing mice injected with HA-GNRs, and a PTT-treated group composed of tumor-bearing 
mice injected with HA-GNRs and irradiated with a laser, as described in the Material and Methods section. Tumor- 
bearing mice irradiated with the laser alone were not included in the in vivo PTT experiments, as we have previously 
demonstrated that laser irradiation using the same parameters as in the present study did not produce any effect on tumor 
size32 and to align with the reduction principle of the 3Rs concept.51 Additionally, the bioaccumulation of this type of 
GNRs has been previously evaluated, indicating that GNRs of similar size and composition to those used in this study did 
not exhibit any toxicity when injected intravenously.52 Tumor size and tumor locations were analyzed by MRI one and 
two weeks after the PTT treatment (Figures 6 and 7).

One week after PTT treatments, untreated control animals showed much larger tumor masses (arrows in Figure 6A) 
compared to PTT-treated animals (arrows in Figure 6C), although not all tumor cells were eliminated in the treated 
animals. Therefore, the remaining tumor cells continued to grow over time. Consequently, two weeks after PTT 
treatments, the tumors in PTT-treated mice were again easily detectable by MRI (arrows in Figure 6D) and exhibited 
a larger size compared to the same condition one week after PTT treatment (arrows in Figure 6C). However, despite this 
increase, 15 days after the treatment, the tumor size of PTT-treated mice was significantly smaller than that of control 
mice (Figure 6B).

Tumor volume from all MRIs was quantified, as described above in the Materials and Methods section. The analysis 
showed that one week after PTT treatments, animals treated with laser following GNR injection exhibited a significantly 
smaller tumor size compared to control animals (Figure 7A), as can also be clearly observed in Figure 7E (PTT-treated 
mouse) compared to 7D (untreated mouse). PTT-treated animals also showed a smaller tumor size compared to animals 
treated solely with GNRs (Figure 7A). Similar results were observed 15 days after PTT treatments (Figure 7B), where the 
tumor sizes of PTT-treated animals were significantly smaller than those of untreated control mice. However, at this time 
post-PTT treatments, as mentioned before, tumor sizes were larger in all the groups tested.

Survival analyses were also conducted to assess the effectiveness of PTT. The Kaplan-Meier diagram in Figure 7C 
illustrates the percentage of mice alive at each time point following PTT treatments for the three different groups. 
Animals in all groups were euthanized upon the appearance of clear symptoms of stress and distress, in accordance with 
guidelines for the application of humane endpoints in distress situations in distress in laboratory animals.53 Results 
indicated that untreated control mice and HA-GNR-injected mice had to be euthanized before reaching day 18 (counted 
after the last PTT treatment was applied to the PTT-treated group), due to a lack of motor capacity, which hindered their 
ability to eat or drink, or when their exploratory capacity was impaired, as indicated by the results of the open-field 
behavior test. In contrast, all PTT-treated animals survived beyond the point at which animals in the other two groups 
(Control and HA-GNRs) needed to be sacrificed (Figure 7C), demonstrating better health conditions that can be 
attributed to the effectiveness of the PTT. The mean survival time for the control and HA-GNRs groups was 17 and 
16 days, respectively, and none of these mice survived beyond 18 days. In comparison, six of eight mice (75%) in the 
PTT-treated group were still alive at day 29 post-irradiation, and four of eight (50%) have survived more than 30 days. 
Analysis with a logrank test revealed a significant improvement in survival with HA-GNR-mediated PTT (P = 0.0003. 
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p<0.001***). It can be concluded that HA-GNR-mediated PTT treatments have a significant influence on survival time. 
Tumors progressed rapidly, especially in the control group, where none of the five mice could be kept alive beyond day 
18 (mean survival = 17 days). Similarly, HA-GNR mice showed a mean survival of 16 days, a period significantly lower 
than that of PTT-treated mice, which showed a mean survival period of 29.5 days.

Open Field Test
The Open Field test is a simple sensorimotor assay used to determine general activity levels, gross locomotor activity, and 
exploration habits in pathological mouse models affecting the central nervous system.54 This behavioral test was performed 
two weeks after completing the PTT treatments. Distance moved and average speed during a 10-minute period were 
analyzed in the control group, HA-GNRs group, and PTT-treated group. PTT-treated mice exhibited intense exploratory 
behavior compared to untreated control mice, which showed a lack of exploratory ability (Figure 8A and B). Heat and 
trajectory maps showed that mice in the PTT-treated group displayed optimal motor and exploration capacity (upper panels 
in Figure 8C and D), while untreated control mice remained in the same place within the cages for longer periods (lower 
panels in Figure 8C and D).

Figure 6 Serial MR images of tumor-bearing brains obtained from untreated (A and B) and PTT-treated (C and D) mice at 7- (A and C) and 15- (B and D) days after PTT 
application. White arrows indicate the location of the tumor mass.
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Figure 7 Tumor mass volumetry determined in the following tumor-bearing mouse groups: control (untreated), HA-GNRs and PTT-treated mice at 7 days (A) and 15 days 
(B) after PTT application. The Kaplan–Meier survival curve shows the evolution of the survival rate of the mouse population in each group over time (C). Individual MR 
images of untreated (D) and PTT-treated mice (E) one week after PTT treatment. Scale bar: 4mm. *p<0,05.

Figure 8 Assessment of general mouse activity using the open field test evaluated 15 days after PTT treatments. Distance traveled (A) and average speed (B) for control, 
HA-GNR, and PTT-treated mice are shown. Heat maps (C) indicate the time spent in each zone, and red lines (D) represent the trajectories followed by PTT-treated (upper 
panels) and control (lower panels) mice.
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Histological Analysis
In order to assess the effectiveness of PTT at cellular level, histological analyses were conducted using immunofluor
escence assays. Implanted CT2A cells can be readily distinguished by nestin and Iba1 staining.55,56 Consequently, the 
tumor area can be easily identified by positive staining for nestin (Figure 9A) and Iba1 (Figure 9F). The tumor mass can 
also be identified by a high density of nuclei, labeled with Hoechst, in comparison to the surrounding brain tissue 
(Figure 9B and G). The nestin fluorescence signal matched the high density of nuclei revealed by Hoechst, delineating 
the tumor area (Figure 9A–C and E), whereas no nestin labeling was observed outside the tumor area (Figure 9D).

Iba1 is a well-established marker for microglia staining, which is upregulated during their activation.57 In this tumor 
model, cells outside the tumor labeled with an anti-Iba1 antibody exhibited a stellated morphology (Figure 10A–C), whereas 
Iba1-positive cells within the tumor tissue present a smaller size with a round or amoeboid morphology (Figure 10D–F), 
indicative of the activation of these cells within the tumor tissue.56 Microglial cells are attracted towards tumor tissue, resulting 
in enhanced Iba1 staining, which is highly useful for delineating the limits of the tumor tissue (Figure 10G–I).

Due to all these features, the tumor tissue was accurately localized and delineated by labeling with Iba1, nestin, and 
Hoechst in all the sections analyzed.

The effects of PTT treatments can also be determined by histological analyses, as evidenced by an apoptotic marker. 
CT2A cells present in the tumor area in PTT-treated mouse brain sections exhibited a strong signal when labeled with an 
anti-cleaved-caspase 3 antibody (Figure 11I and J), a marker of apoptotic cell death. This indicates that CT2A tumor cells 

Figure 9 Representative images of coronal brain sections obtained from control untreated tumor bearing mouse, showing the localization of the implanted CT2A cells 
labeled with an antibody anti-nestin in green (A–E), and an antibody anti-Iba1 in red (red) (F–J). Nuclei were counterstained with Hoechst in blue (B and G). Merged images 
of (A, B and F–G) are shown in (C and H), respectively. Boxed areas in (C and H) are shown at higher magnification in (D–E) and (I–J), respectively. Scale bars in (A) and 
(F) 800 µm (valid for (A–C) and (F–H). Scale bars in (D) 100 µm (valid for D, E, I and J).
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underwent apoptotic processes in response to laser irradiation in the presence of HA-GNRs. However, apoptotic cells 
were not observed in the tumor tissue of the untreated mouse brain sections (Figure 11D and E).

Discussion
PTT mediated by gold nanoparticles locally increases the temperature to 41–46 °C leading to sensitization, heat 
responses, denaturalization and apoptosis of cancer cells.22,58 GNRs possess the most efficient nanoparticle shape for 
heat conversion due to their high absorption in the near-infrared region.59

One advantage of GNRs is their well-defined synthesis, which allows for the modulation of their shape and aspect 
ratio through specific seeded growth methods. The dimensions of the GNRs produce two absorption peaks known as 
longitudinal and transverse plasmon resonance.60,61 Due to their anisotropic shape, GNRs demonstrate a longer circula
tion period in the blood compared to other types of gold nanoparticles such as nanocages or nanospheres.62 In 
a comparison between rod-shaped and spherical nanoparticles, GNRs exhibit higher tumor targeting efficiency and 
longer tumor retention time, while nanospheres offer better renal clearance.63 In addition, heat conversion efficiency is 
superior in GNRs compared to nanospheres because, once internalized by cancer cells, the proximity between the 
nanoparticles enhances their effectiveness. However, nanospheres are affected by endosomal confinement inside the 
cells.64,65

Figure 10 Representative images of brain sections from a control tumor-bearing mouse, showing the localization limits of CT2A tumor cells by immunofluorescence using 
anti-Iba1 (red) staining (A, D and G) in three different locations: outside the tumor (A–C), inside the tumor (D–F), and at the boundary of the tumor (G–I). Nuclei were 
counterstained in blue with Hoechst labeling (B, E and H). Merged images of (A, B, D, E and G, H) images are shown in (C, F and I), respectively. Scale bar for (A–F) 
100 µm, scale bar for (G–I): 200 µm.
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The method of synthesis and biofunctionalization of the GNRs, along with their shape, size, concentration, and the type of 
cell used, are critical parameters for achieving lower rates of cytotoxicity and facilitating the internalization of the nanopar
ticles by the cells.66,67 In the synthesis of GNRs, the cationic surfactant cetyltrimethylammonium bromide (CTAB) is used to 
form rod-like micelles in aqueous solution.68 However, the biocompatibility of GNRs can be compromised by the presence of 
CTAB or other residual chemicals used during particle synthesis. Therefore, adding a polymeric coating or a layer of 
biomolecules to the surface of GNRs reduces their cytotoxicity.69 In this work, GNRs were biofunctionalized with HA of 
different molecular weights: 200 and 700 kDa. HA is a biomolecule used in GNR biofunctionalization for its antiproliferative 
effects in solid tumors, including GBM.70 The cytotoxic profiles of both types of HA-GNRs were similar when incubated with 
CT2A cells. In addition, the effects of PTT in the presence of each type of particle demonstrated the effectiveness of both types 
of GNR in eliminating cancer cells. These results are consistent with those described in the literature71,72 which showed that 
HA-based nanoparticles have a non-cytotoxic effect on cancer cells and are effective in PTT, even when HA of different 
molecular weights was used to biofunctionalized the GNRs.42

A glioblastoma mouse model was used to evaluate the efficacy of HA-GNRs in PTT. This model is commonly used to 
evaluate various anti-tumor treatments for GBM.73–75 The injected CT2A cells form a homogeneous hypercellular mass 
with well-defined borders but exhibit a highly infiltrative pattern, leading to satellite lesions within the brain. CT2A 
tumors are characterized by high cell density, significant mitotic activity, angiogenesis, microvascular proliferation, and 
spontaneous hemorrhage.49 Some of these features were confirmed by immunohistochemistry, validating the malignant 

Figure 11 Representative images of coronal brain sections from the right hemisphere of tumor-bearing mice: control (A–E) and PTT-treated (F–J), stained in red with an 
anti-cleaved caspase 3 antibody to mark apoptotic cells (A and F). Nuclei were counterstained with Hoechst in blue (B and G). Merged images of A and B, and F and G, are 
shown in C and H, respectively. Boxed areas in (C) and (H) are shown at higher magnification in (D, E) and (I, J), respectively. Scale bars for (A–C) and (F–H): 800 µm; 
scale bars for (D, E) and (I, J): 200 µm.
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nature of the injected CT2A cells. In addition, CT2A glioma cells are pleomorphic, with large fusiform and small round 
shapes and prominent nuclei.38 The abundant interstitial space between cells indicates an interstitial alteration within the 
tumor, another characteristic of CT2A tumors.

CT2A cells, like many other cancer cell lines, overexpress the CD44 protein on their membrane, which serves as the 
receptor for HA. This receptor is responsible for various functions in tumor cells, including increased cell invasion 
ability, enhanced proliferation through the induction of growth pathways, inhibition of tumor suppressors, and resistance 
to chemoradiation.34,76,77 To specifically target CT2A cells and enhance the effectiveness of PTT, GNRs biofunctiona
lized with HA, the ligand for the CD44 receptor, were used in this study. Scientific evidence indicates that HA 
biofunctionalization enhances blood circulation time and promotes the accumulation of nanoparticles in tumors.78,79 

This effect has also been observed when using nanoparticles as drug delivery systems in combination with PTT,80 or 
when nanodevices, such as mesoporous nanoparticles, were employed as theranostic carriers.81

In this study, HA of 700 kDa has been selected for biofunctionalizing GNRs due to its antiproliferative and antiangiogenic 
effects, its ability to activate the immune system, and its efficient uptake by cancer cells.42 This work demonstrates the 
effectiveness of the method to eliminate cancer cells, as we observed a reduction in tumor mass in tumor-bearing mice treated 
with PTT following HA-GNRs injection, compared to control mice. Volumetric MRI analyses indicated that the reduction in 
tumor mass volume in PTT-treated mice remained evident even two weeks after laser irradiation. These results are consistent 
with studies that have shown the effectiveness of HA in targeting GBM cells using HA-micelles.82

In many published studies, the effect of PTT on GBM cells has been evaluated using heterotopic GBM models, where 
tumor cells are injected into the flank of the animal, facilitating easier, but unrealistic, laser irradiation.83,84 However, in this 
study, we assess the viability of the PTT using an orthotopic model, which more accurately reflects the clinical scenario. The 
effect of the PTT has been evaluated through volumetric MRI analyses, as previously established,83 revealing the positive 
impact of PTT in reducing tumor volume in PTT-treated animals. Additionally, this orthotopic model induces brain damage 
that affects the locomotor system and the exploratory capacity of the animals.49 These impairments can be assessed using 
appropriate behavioral tests, such as the open field test, allowing for a more precise determination of the PTT effectiveness. 
These tests revealed that the PTT-treated animals exhibited greater locomotor activity, covering longer distances at a higher 
speed compared to the untreated animals, confirming the effectiveness of the HA-GNR-mediated PTT.

Recent studies have revealed the role of nestin in tumor cells, highlighting its involvement in mitotic progression and 
identifying it as a potential target for microtubule-destabilizing drugs.55 Nestin is upregulated in GBM tissues compared 
to low-grade gliomas, as we have confirmed (Figure 9). Therefore, nestin might be considered a promising ligand for 
targeting GBM cells. It has been utilized to biofunctionalize GNRs for PTT of GBM, demonstrating high uptake by 
cancer cells and producing a significant percentage of cell death after PTT treatment.33,85

In the GBM model presented here, CT2A cells formed nestin-positive tumor masses, which corresponded very 
precisely with areas of high cellular density revealed by Hoechst staining, as shown in Figure 9. This characteristic 
makes this model suitable for testing new targets, such as nestin, to biofunctionalize GNRs for PTT of GBM.

The state of microglia in this GBM model was analyzed using Iba1 immunohistochemistry. Outside the tumor area, 
microglia exhibited a ramified phenotype, which is involved in synapse pruning, surveillance, and maintaining cellular 
homeostasis.56 However, within the tumor, the phenotype shifted to an amoeboid shape, indicating activated, rounded 
cells without ramification, which are associated with metastases and intracranial bleeding.56

The activation of microglia primarily occurs through Toll-like receptor-4 (TLR4). Microglial cell activation is 
classified into two phenotypes: M1 and M2. The M1 phenotype is characterized by the production of pro- 
inflammatory cytokines and neurotoxic activity, while the M2 phenotype, activated by apoptosis signals, plays a role 
in remodeling and repair.57 These microglial phenotypes align with the characteristics of the GBM model used, which is 
known for its hemorrhagic and infiltrative nature.32 As shown in Figures 9 and 10, the microglial cells within the tumor 
adopt an ameboid form. Consequently, Iba1 staining can serve as an additional tool to delineate the tumor boundaries. 
This microglial staining pattern correlates well with the nestin marker and the high-intensity Hoechst labeling, which 
indicates a high number of nuclei.

HA modulates inflammation in the central nervous system, with high molecular weight HA (>500 kDa) exerting 
anti-inflammatory effects, while low molecular weight HA exhibits pro-inflammatory effects on myeloid cells, 
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including microglia.86 In these terms, astrocytes also modulate inflammation,87 however the link between HA and 
astrocytes is very complex and it needs further investigations. Some studies87,88 report the anti-inflammatory 
function of high MW-HA molecules, such as those used in this study to functionalize the GNRs, through TLR4 
modulation. Additionally, 700 kDa HA-coated GNRs specifically targeted CT2A cells over other brain cells due to 
the higher expression of CD44 in tumor cells, as previously described.89 The specificity of 700 kDa HA-coated 
GNRs to target GBM cells over other brain cell types, combined with its anti-inflammatory effects, makes high 
MW-HA an ideal biomolecule to attach to the surface of nanoparticles for PTT and other strategies, such as drug 
nanocarriers, micelles, or liposomes, to treat GBM.

It has been shown that PTT can modulate cellular death pathways, leading to either apoptosis or necrosis depending 
on the temperature achieved during the treatment. The induction of apoptosis or necrosis is influenced by several PTT 
parameters, including laser power, irradiation time, and GNR concentration. The apoptotic cell death induced by GNR- 
based PTT is crucial, as apoptosis can trigger beneficial immunogenic responses and reduce the risk of secondary tumor 
formation.90 Apoptosis activation in GBM cells by in vitro PTT was also demonstrated by other studies,18,91,92 some of 
which were conducted by our research group. In these previous studies, PTT-induced apoptosis was produced by 
different sizes of PEG-GNRs, without a target specificity, and was accompanied by lysosomal rupture that ultimately 
activated the apoptotic mechanism. However, the mechanism of action of these non-biofunctionalized GNRs was only 
tested in in vitro experiments using glioblastoma cell lines. The novelty of the present study lies in demonstrating that, in 
the in vivo GBM model described, the applied PTT parameters induced tumor cell death, at least partially through 
apoptotic pathways. This significant tumor cell death was accompanied by an improvement in the animals’ behavior, as 
assessed by their exploratory capacity.

The reduction in tumor mass observed after PTT can be partially attributed to the effect of HA-GNRs on CT2A cells, as 
tumor-bearing mice injected with HA-GNRs but without laser irradiation also showed a partial decrease in tumor volume. This 
effect may be due to the ability of HA to inhibit cell proliferation,70,93 since the injection of non-functionalized GNRs into 
a similar GBM mouse model did not result in a decrease in tumor mass under the same conditions.32

Although HA-GNR-based PTT in our GBM model has a limited effect on completely eliminating tumor cells, there is 
room for improvement, as the laser irradiation applied in this study was underpowered compared to other studies,94,95 and 
repeated laser applications can be considered, as GNRs remain in the area where they are injected. Additionally, this HA- 
GNR-based PTT can be combined with other classical therapies, such as chemotherapy, to improve its therapeutic effects. 
The heat generated by GNR-based-PTT enhances the permeability of leaky tumor vessels, facilitating the accumulation 
of chemotherapeutic drugs.90

Conclusion
This study demonstrates the efficacy of the newly developed HA-GNRs for PTT applications in eliminating CT2A cells 
in an in vivo GBM model. HA-GNR-mediated PTT resulted in a significant reduction in tumor mass, as assessed by 
MRI, along with improved exploratory behavior and extended life expectancy in the treated animals, confirming in vivo 
tumor regression. HA-GNR-mediated PTTs induced cell death via apoptotic mechanisms, potentially enhancing the 
immune system’s ability to target and eliminate residual tumor cells.
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