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Simple Summary: Anaplastic thyroid carcinoma (ATC) is a subtype of thyroid cancer that generally
does not respond to the available treatments, making it one of the most lethal cancers known. As
an alternative, Photothermal Therapy (PTT) can be considered a promising strategy. In this case,
gold nanoparticles (AuNPs) are activated when irradiated by light, enhancing the local temperature,
resulting in cell death. Thus, this study aims to formulate AuNPs specifically for targeting PTT to
ATC. For this, biocompatible AuNPs were designed and functionalized with ATC-specific ligands
(holo-transferrin, epidermal growth factor (EGF), and lapatinib), showing optimal physicochem-
ical properties. Safety, efficacy, and ATC specificity were determined in vitro. Holo-transferrin
functionalized-AuNPs were the most effective for PTT against ATC. Safety and biodistribution
were studied in vivo, proving that the formulation was safe for intratumoural administration. So,
taking these results all together, AuNPs-mediated-PTT seems to be a promising hint to find a viable
treatment for ATC.

Abstract: Anaplastic thyroid carcinoma (ATC) is a very rare subtype of thyroid carcinoma and one of
the most lethal malignancies. Poor prognosis is mainly associated with its undifferentiated nature,
inoperability, and failing to respond to the typically used therapies for thyroid cancer. Photothermal
Therapy (PTT) entails using light to increase tissues’ temperature, leading to hyperthermia-mediated
cell death. Tumours are more susceptible to heat as they are unable to dissipate it. By using
functionalized gold nanoparticles (AuNPs) that transform light energy into heat, it is possible to
target the heat to the tumour. This study aims to formulate ATC-targeted AuNPs able to convert
near-infrared light into heat, for PTT of ATC. Different AuNPs were synthetized and coated. Size,
morphology, and surface plasmon resonances band were determined. The optimized coated-AuNPs
were then functionalized with ligands to assess ATC’s specificity. Safety, efficacy, and selectivity were
assessed in vitro. The formulations were deemed safe when not irradiated (>70% cell viability) and
selective for ATC. However, when irradiated, holo-transferrin-AuNPs were the most cytotoxic (22%
of cell viability). The biodistribution and safety of this formulation was assessed in vivo. Overall,
this novel formulation appears to be a highly promising approach to evaluate in a very near future.
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1. Introduction

Although thyroid cancer accounts for 2% of all cancer diagnoses, the very rare anaplastic
thyroid carcinoma (ATC), an undifferentiated subtype of thyroid cancer, is one of the most
lethal known malignancies, with a 90% mortality rate [1,2]. In fact, the poor survival prognosis
of 3–5 months after diagnosis is associated not only with the extreme aggressiveness of
this tumour, but also to its undifferentiated nature [1]. A reflection of the accentuated
aggressiveness is its stage IV classification at diagnosis, regardless of tumour size, lymphatic
nodes invasion, and metastatic status [3]. Thyroid carcinomas are generally treated with a
combination of surgery, radioactive iodine, and thyroid hormone suppression therapy, but
as ATC has lost thyroid-like features (i.e., iodine uptake and thyroid hormone production),
it generally fails to respond to the previous mentioned treatments [4–6]. Although ATC
is currently treated with a combination of debulking surgery, radio, and chemotherapy,
treatment is carried out with palliative intents, as ATC has extremely low cure rates [7]. The
mentioned multimodal treatment course slightly increases patients’ survival, up to 10 months,
and thus there is the need to find effective therapies and improve survival rates as well as
quality of life of these patients [3]. Currently, the research in ATC therapeutics has shifted
to targeted and multitargeted therapies (i.e., small-molecule tyrosine kinase inhibitors), but,
due to the adverse events associated to these treatment options, less invasive and alternative
strategies should be explored [1,3,5,8].

Photothermal therapy (PTT) uses light/heat sources to increase the local temperature
of tissues [9]. In comparison to the current cancer therapies, PTT presents many advantages,
such as being minimally invasive with low toxicity and spatial-temporal specificity [10,11].
While healthy tissues can dissipate the heat generated from the light source, tumours have
different vasculature, and consequently are unable to dissipate the generated heat, causing
the cells to undergo irreversible damage. This is usually characterized by protein denatu-
ration and disruption of the cellular membranes, culminating in hyperthermia-mediated
cell death [10,12,13]. The main limitation of PTT is the weak penetration capacity of the
radiation used, allowing only the treatment of very superficial and localized tumours [14].
Nanotechnology can help PTT to overcome these challenges through the use of photoab-
sorbent nanoparticles (NPs), changing the photothermal properties of the medium and
enhancing tumour hyperthermia [15]. In order to better enhance PTT, NPs are required
to present the following set of characteristics: absorption at the wavelengths of biological
windows (650–1400 nm) (as at these wavelength intervals tissues’ light scattering and
absorption is reduced), and conversion of light into thermal energy.

Gold NPs (AuNPs) are a type of inert inorganic NPs with interesting applications in
nanomedicine due to their unique and versatile optical and physicochemical properties,
biocompatibility, stability, and low cytotoxicity [16–18]. AuNPs have many advantages,
including efficient light-heat conversion and tunable optical properties, that can be ma-
nipulated by varying the AuNPs physical characteristics such as size and shape [19–21].
The majority of the commercial AuNPs present surface plasmon resonances (SPR) bands
at wavelengths below the biological window, in the UV or visible spectrum, which have
very poor penetrative capacity into human tissues [22–24]. It is our aim that these AuNPs
absorb in the near infrared (NIR) range of the light spectrum (650–950 nm), allowing the
treatment of more deep solid tumours, localized up to 2–3 cm below the skin [25,26].

Since ATC is a relatively superficial tumour, it is a more obvious candidate for AuNPs-
mediated NIR-PTT. Our group has previously developed a novel formulation of func-
tionalized AuNPs, produced using a plant extract of Plectranthus saccatus. These AuNPs
were then covered with a polymeric coating composed of Hyaluronic Acid and Oleic Acid
(HAOA) to specifically treat melanoma [27–29]. To treat ATC, this formulation required
several modifications by optimizing the previously formulated coated-AuNPs and by
changing AuNPs’ surface with ligands. In terms of ATC cellular markers, both epidermal
growth factor (EGF) receptor (EGFR) and type 1 transferrin receptor (TfR1/CD71) are
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membrane receptors overexpressed in this type of cancer. Thus, to maximize the NPs
specificity, AuNPs were functionalized with EGF or lapatinib (to target EGFR), or holo-
transferrin (HTf, to target TfR1/CD71). These novel AuNPs were characterized regarding
its physicochemical properties (i.e., mean size and size distribution, conjugation efficiency,
absorbance spectra, and morphology). The most appropriate ligand was then chosen
regarding the results of different studies, such as the overall physicochemical properties of
the functionalized and coated AuNPs and in vitro safety, selectivity, and efficacy. After op-
timization, the safety and biodistribution of the AuNPs were preliminary assessed in vivo,
using CD-1 mice. This work aimed to produce small, monodisperse, and highly selective
AuNPs to be targeted for ATC cells. These NPs must be biocompatible, not harm healthy
tissues, and effective, with high cytotoxicity, when activated by laser, against ATC cells.

2. Materials and Methods
2.1. Materials
2.1.1. Reagents

Gold (III) chloride trihydrate, Silver Nitrate, L-ascorbic Acid, Hyaluronic Acid, Ros-
marinic Acid (RA), Oleic Acid, Holo-Transferrin human (powder, grade 97%), and Lapa-
tinib (98%) were acquired from Sigma-Aldrich (St. Louis, MO, USA). EGF Recombinant
Human Protein was supplied from Gibco (ThermoFisher Scientific, Waltham, MA, USA).
Bradford Dye Reagent was purchased from Alfa Aesar (ThermoFisher Scientific, Waltham,
MA, USA). Water MilliQ by Merck Millipore (Burlington, MA, USA). All chemical products
and solvents used were of analytical purity grade.

2.1.2. Cell Lines and Cell Culture

Cell growth was done according to supplier’s instructions (ATCC). The human ker-
atinocyte cell line HaCat was maintained in Dulbecco’s modified Eagle’s medium (DMEM),
with high-glucose (4500 mg/mL), complemented with 100 µg/mL penicillin/streptomycin,
and 10% foetal bovine serum (FBS). Human ATC cell line 8505C was maintained in RPMI
1640 medium and supplemented as previously mentioned for DMEM. All cell lines were
stored in a humidified chamber at 37 ◦C, in a 5% CO2 atmosphere. The cell cultures were
maintained every 2 to 3 days, at which the medium was changed, until a confluence of 80%
was achieved.

2.1.3. Animals

Male CD1 mice were purchased from IHMT (Lisboa, Portugal). The animal housing
was kept at a controlled temperature of 22.0 ± 4.0 ◦C, humidity at 50.0 ± 15.0%, and a cycle
of light/dark of 12 h in Faculty of Pharmacy facilities. Animals were kept under standard
hygiene conditions, fed commercial chow, and given acidified drinking water ad libitum.

All experiments regarding the use of animals were conducted in accordance with the
EU Directives (2010/63/UE), the Portuguese Law (DL 113/2013, 2880/2015 and 260/2016),
and were approved both by the Animal Welfare Body (ORBEA) of the Faculty of Pharmacy,
University of Lisbon, and of the Ethics Committee of the NOVA Medical School Faculdade
de Ciências Médicas, Universidade NOVA de Lisboa.

2.2. Methods
2.2.1. Preparation of HAOA-Coated AuNPs

The HAOA-coated AuNPs were prepared using a modified approach previously
published by our group [27]. Briefly, an aqueous solution of gold (III) chloride trihydride
was mixed with an aqueous solution containing silver nitrate, L-ascorbic acid, and RA.
The mixture was continuously stirred for 15 min (800 rpm, Heidolph magnetic stirring
hotplate MR 3001, Heidolph Instruments, Schwabach, Germany) at room temperature.
Two different ratios of gold:RA (m/m) were tested, 5:3 and 5:10, originating two different
AuNPs cores.
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The HAOA coating was prepared by adding to Milli-Q water, HA, OA, and sodium
hydroxide, at 60 ◦C and under a continuous stirring at 400 rpm. This aqueous mixture is
stirred overnight at the mentioned conditions. In order to coat the AuNPs’ core, the HAOA
prepared overnight is cooled to room temperature, and was mixed with the AuNPs’ core
solution, 1:1 (v/v). The method of functionalization of the HAOA-coated AuNPs was the
same regardless of the ligand (i.e., EGF, HTf, lapatinib) by mixing the HAOA-coated AuNPs
with the phosphate buffered saline (PBS, USP32) solution containing the intended ligand
under magnetic continuous stirring for 30 min at room temperature at a ratio of 1:1 (v/v).

To recover AuNPs, the suspension was centrifuged at 7200× g for 15 min (Beckman
Instruments Centrifuge, Inc., Brea, CA, USA). The supernatant was stored to determine the
efficiency of ligand conjugation to the NPs, and the correspondent pellet of the functional-
ized HAOA-coated AuNPs was suspended in PBS and stored at −4 ◦C.

2.2.2. HAOA-Coated AuNPs Characterization

• Mean Size and Polydispersivity Index (PdI)

The different formulations, AuNPs core and HAOA-coated AuNPs, functionalized
with the different ligands and non-functionalized, were characterized regarding its mean
size and polydispersivity index (PdI). The formulations were diluted in PBS at pH 7.4 (1:10).
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) was used to measure mean size
and PdI, using Dynamic Light Scattering. All measurements were performed in triplicate.

• Determination of Conjugation Efficiency

To determine the conjugation efficiency (%) of the different HAOA-coated AuNPs
functionalized formulations (i.e., EGF-functionalized, HTf-functionalized, and lapatinib-
functionalized HAOA-coated AuNPs), the different formulations were centrifuged, at
7200× g for 15 min, as mentioned, and the supernatant was stored. Different methods were
used to determine the concentration of ligand present in the formulations’ supernatant,
and after this, concentration was determined, the conjugation efficiency was calculated
using the following Equation (1):

Conjugation E f f iciency (%)

= Initial Ligand Concentration − Ligand Concentration in the Supernatant
Initial ligand Concentration × 100

(1)

(a) Determination of EGF concentration in the supernatant

To determine the concentration of EGF present in the supernatant of EGF-functionalized
HAOA-coated AuNPs, after centrifugation, the following Bradford protocol was employed.
Firstly, BSA solutions, with concentrations ranging from 0 to 25 µg/mL, were prepared in
order to plot the calibration curve. Then, the sample/calibration curve solution were mixed
with ThermoFisher Bradford Solution (ThermoFisher Scientific, Waltham, MA, USA) in a
96-well microplate, at a ratio of 1:1 (v/v), and left to incubate for 5 min. After this time pe-
riod, the absorbance of the 96-well microplate was measured using a BioTekTM EL×800TM
Absorbance Microplate Reader (Winooski, VT, USA), at 570 nm. The absorbance was then
converted into concentration using Equation (2) plotted with the calibration curve solutions
(R2 = 0.9801). This was then applied to Equation (1), allowing the determination of the
conjugation efficiency. All measurements were performed in triplicate.

Abs = 0.0022 × EGFConcentration + 0.0331 (2)

(b) Determination of HTf concentration in the supernatant

The concentration of HTf present in the supernatant obtained from the centrifugation
of HTf-functionalized HAOA-coated AuNPs was determined by using the A280 func-
tion in ThermoFisher NanoDropTM ND-1000 UV-Vis Spectrophotometer (ThermoFisher
Scientific, Waltham, MA, USA). For this, a droplet (2 µL) of the supernatant was placed
and the measurement was carried out. The obtained concentration was then applied to
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Equation (1) to determine the percentage of HTf that conjugated to the HAOA-coated
AuNPs. All measurements were performed in triplicate.

(c) Determination of Lapatinib concentration in the supernatant

To determine the conjugation efficiency of lapatinib, the concentration of this ligand
present in the supernatant was determined by HPLC (Hitachi System LaCrom Elite, Col-
umn oven, Diode Array Detector UV-vis and Pump, Tokyo, Japan), following a protocol
described elsewhere [30]. The supernatants were analysed using a Column Water Sym-
metry C18 (5 µm, 4.6 × 150 mm) with isocratic flow of 0.5 mL/min, and a mobile phase
composed of acetonitrile/water (70:30; v/v). Measurements were performed in triplicate
at 227 nm, and a calibration curve was established using standardized solutions of lapa-
tinib. The determined concentration was applied to Equation (1) in order to determine the
conjugation efficiency of lapatinib to the surface of the HAOA-coated AuNPs.

• Morphology Analysis

The morphology of the different formulations, AuNPs’ core and HAOA-coated
AuNPs, functionalized with different ligands and non-functionalized, was observed us-
ing Transmission Electron Microscopy (TEM). For TEM observations, aliquots (10 µL) of
the aqueous suspensions of the different AuNPs formulations were carefully placed on
200-mesh copper grids previously coated with Formvar and Carbon and left to adsorb
for 1–3 min. After removing the excess of the samples with filter paper, the material
was negative staining with 1.0% of uranyl acetate for some minutes at room tempera-
ture, and further allowed to air-dry. Observations were made on a JEOL 1200EX trans-
mission electron microscope (JEOL Ltd., Tokyo, Japan) operating at 80 kV. Images were
recorded digitally.

2.2.3. Determination of Absorbance Spectra of the HAOA-Coated AuNPs

The maximum absorbance wavelength for the AuNPs’ core, HAOA-coated AuNPs,
and functionalized HAOA-coated AuNPs were determined by scanning the formulations’
absorbance at wavelengths ranging from 400 to 1000 nm, using a UV-Vis Spectrophotometer
(Hitachi, Tokyo, Japan) against a blank. Formulations were diluted in PBS at pH 7.4 (1:4;
v/v). The measurements were performed in triplicate.

2.2.4. Determination of Recovery Yield

Prior to being recovered, all formulations (core, coated, and functionalized) were
centrifuged (7200× g, 15 min) and freeze-dried using a FreeZone 2.5 Liter Benchtop Freeze
Dry System (Labconco, Kansas City, MO, USA), at −49 ◦C for 48 h. After lyophilization, the
powder was weighted and the recovery yield (RY, %) was calculated by using the following
Equation (3):

Recovery Yield (%) =
Final mass o f AuNPs

Initial mass o f all components used in f ormulation
× 100 (3)

2.2.5. In Vitro Safety Assessment

In vitro safety was assessed by evaluating cell viability (methylthiazolyldiphenyl-
tetrazolium bromide, MTT, assay) of the non-cancerous cell line HaCat and the cancerous
cell line 8505C after incubation with the different formulations when non-activated by
laser. For this, HaCat cells and 8505C cells were separately seeded in a 96-well plate at a
concentration of 7.5 × 104 cells/well, and left to incubate with the formulations, for 24 h, at
20 µM and 80 µM of gold: core AuNPs, HAOA-coated AuNPs, EGF-functionalized HAOA-
coated AuNPs, HTf-functionalized HAOA-coated AuNPs, lapatinib-functionalized HAOA-
coated AuNPs, and the free ligands (EGF, HTf, and lapatinib). After 24 h, medium was
removed, the cells were washed twice with PBS at pH 7.4, and 50 µL of MTT reagent (Sigma-
Aldrich, St. Louis, MO, USA) was added at a concentration of 0.5 mg/mL (in incomplete
DMEM). The cells were then left to incubate with the MTT reagent for 4 h, and then
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the formed crystals were solubilized using dimethyl sulfoxide (DMSO). Absorbance was
measured using a BioTekTM EL×800TM Absorbance Microplate Reader (Fisher Scientific,
NH, USA) at 570 nm. The control cells (incubated with complete medium) corresponded
to 100% cell viability. In this study, the results are presented as percentage of the control
cells and calculated according with Equation (4):

Cell Viability (%) =
Abstest group

AbsControl
× 100 (4)

2.2.6. In Vitro Efficacy Assessment

Efficacy was assessed in vitro by MTT assay. Human ATC cell line 8505C were seeded
in two mirroring 96-well plate at a concentration of 7.5 × 104 cells/well, and left to incubate
with the formulations (AuNPs, HAOA-coated AuNPs, EGF-functionalized HAOA-coated
AuNPs, HTf-functionalized HAOA-coated AuNPs, and lapatinib-functionalized HAOA-
coated AuNPs), for 4 h, at 80 µM. After 4 h, medium was removed and replaced with fresh
medium, and one of the plates containing the cells were irradiated with a laser (2495-L4,
JDSU, CA, USA) emitting at a wavelength of 808 nm, 1.4 W, for 3 min, as shown in Figure 1,
while the other plate was left without being irradiated. To evaluate the possible cytotoxicity
of the laser, cells that were not incubated with formulations were also irradiated. The
cells were washed twice with PBS at pH 7.4, and 50 µL of MTT reagent (Sigma-Aldrich, St.
Louis, MO, USA) was added, at a concentration of 0.5 mg/mL (in incomplete medium).
The cells were then left to incubate with the MTT reagent for 4 h in order to allow the
crystals to form, posteriorly solubilized using DMSO. Absorbance was measured using
a BioTekTM EL×800TM Absorbance Microplate Reader (Fisher Scientific, NH, USA) at
570 nm. Like the previous MTT assay, the control cells (incubated with complete medium)
were correspondent to 100% cell viability. The results were also calculated using Equation
(4) and presented as a percentage of controls.
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2.2.7. In Vitro Selectivity Assessment

Selectivity of the formulations was tested in vitro by determining the viability of
8505C cells after incubation with the different formulations for 24 h and, comparing to the
results of the in vitro safety assessment using HaCat cells. For this, the cells were seeded
in a 96-well plate at a concentration of 7.5 × 104 cells/well, and left to incubate with the
formulations (AuNPs, HAOA-coated AuNPs, EGF-functionalized HAOA-coated AuNPs,
HTf-functionalized HAOA-coated AuNPs, and lapatinib-functionalized HAOA-coated
AuNPs), for 24 h at 20 µM and 80 µM of gold. After this time period, the cells were washed
twice with PBS at pH 7.4 and 50 µL of MTT reagent (Sigma-Aldrich, St. Louis, MO, USA)
was added, at a concentration of 0.5 mg/mL (in incomplete medium). The cells were then
left to incubate with the MTT reagent for 4 h and the crystals were solubilized using DMSO.
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Absorbance was measured using a BioTekTM EL×800TM Absorbance Microplate Reader
(Fisher Scientific, NH, USA), at 570 nm. In similarity to the previous MTT assays, the
control cells (incubated with complete medium) corresponded to 100% cell viability, and
the results, in percentage, were calculated using Equation (4).

2.2.8. In Vitro Haemolytic Activity

The used protocol was based on a previously published one [31]. Briefly, ethylene-
diamine tetraacetic acid (EDTA)-preserved peripheral human blood was collected from
voluntary donors at the day of the determination of the haemolytic activity of AuNPs’ core,
HAOA-coated AuNPs, and HTf-functionalized HAOA-coated AuNPs. The peripheral
blood was centrifuged at 1000× g for 10 min to separate and remove the plasma from
the erythrocytes. After this, the erythrocytes were suspended in PBS and centrifuged at
1000× g for 10 min, three times. The formulations were diluted in PBS to concentrations
ranging from 0.04 to 80 µM (2-fold dilution). One hundred µL of the diluted formulations
were distributed into 96-well plates and then 100 µL of the erythrocyte suspension was
added to each well. Erythrocytes and distilled water (equal volumes) were added to
6 wells, corresponding to 100% haemolysis (positive control) and erythrocytes and PBS
were added to other 6 wells, corresponding to 0% haemolysis (negative control). Plates
were left to incubate for 1 h at 37 ◦C and then centrifuged at 800× g for 10 min. The
supernatants were collected and the absorbance (Abs) was measured using a BioTekTM
EL×800TM Absorbance Microplate Reader (Winooski, VT, USA) at 570 nm with a reference
filter of 620 nm. The haemolytic activity (%) was determined according to the following
Equation (5):

Haemolytic Activity (%) =
Sample Abs − Negative Control Abs

Positive Control Abs − Negative Control Abs
× 100 (5)

2.2.9. Preliminary in Vivo Assessment of HTf-Functionalized and Non-Functionalized
HAOA-Coated AuNPs

• In Vivo Preliminary Safety Assessment

An in vivo preliminary safety assessment of the HAOA-coated AuNPs was performed
using 18 CD1 mice with a mean average body weight of 23 g. The formulation was
administered subcutaneously in the thyroid neck region, at a dosage of 23 mg/kg of body
weight. Then, the animals were randomly separated into six groups, each with 3 specimens,
being sacrificed at different time points: 30 min (group 1), 1 h (group 2), 2 h (group 3),
4 h (group 4), 6 h (group 5), and 24 h (group 6). At each time point, the animals of each
group were anesthetized and sacrificed by cervical dislocation, according to animal welfare
principles. Afterwards, peripheral blood samples were collected for biochemical analysis,
pictures of the neck region were taken and organs and tissues (i.e., neck region including
thyroid, spleen, right lobe of the liver, right kidney, skin from administration site) were
harvested for histological examination. For biochemical analysis, plasma was separated
from whole blood. In order to do this, the collected blood was centrifuged at 1000× g for
10 min and the supernatant, corresponding to plasma, was collected for quantification of
IL-6, Alanine Aminotransferase (ALT, to determine liver toxicity), creatine, and urea (to
determine kidney toxicity).

For histological analysis, samples were fixed in 10% formalin and processed for routine
H&E staining. Histopathological assessment was performed using an Olympus CX51
microscope (Olympus Corporation, Tokyo, Japan). Whole slide scanning was performed
using the NanoZoomer-SQ Digital slide scanner—C13140-01 (Hamamtsu, Japan) and
representative photos were taken using the NDP.View2 software.

• In Vivo Biodistribution Assessment of HTf-Functionalized HAOA-Coated AuNPs

The biodistribution studies of HTf-functionalized HAOA-coated AuNPs and HAOA-
coated AuNPs were assessed using 12 CD-1 mice. The animals were randomly distributed
in different groups and administered either HTf-functionalized HAOA-coated AuNPs or
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HAOA-coated AuNPs. In similarity to the previous assay, the respective formulations
were administered s.c. in the thyroid region at a dose of 23 mg/kg of body weight. The
animals of each group were then re-divided into two subgroups, according to the time
point at which they would be sacrificed: 4 h and 24 h post-administration. Respecting the
animal welfare principles, the animals were sacrificed and the main organs involved in
clearance and excretion (i.e., liver, spleen, kidneys, and lungs) were harvested and weighed
to determine its’ tissue indexes, according to the following Equation (6) [32]:

Tissue Index =

√
organ weight
animal weight

× 100 (6)

After weighing the organs, Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
was conducted to determine the amount of Hf-functionalized HAOA-coated AuNPs and
HAOA-coated AuNPs present in each of these organs (i.e., liver, spleen, kidneys, and lungs)
as well as in the blood. For this analysis, the organs and blood were freeze dried and stored
at −80 ◦C and further digested using a microwave digestive system and a mixture of nitric
acid, hydrochloric acid, and hydrogen peroxide.

2.2.10. Statistical Analysis

Data is presented as mean ± SD, with a n ≥ 3. GraphPad Prism v5.03 (GraphPad
Software, San Diego, CA, USA) was used to perform all the statistical analysis. Statistical
differences were evaluated with ANOVA, and the differences were considered as significant
for p < 0.05.

3. Results
3.1. Development and Characterization of the Functionalized HAOA-Coated AuNPs
3.1.1. Mean Size, Polydispersivity Index (PdI), and Recovery Yield (RY)

AuNPs were prepared using two different ratios of gold:RA, 5:3 and 5:10 (m/m).
The AuNP core (Figure 2A) was formulated following the presented ratios, and the NPs
were coated with the HAOA coating (Figure 2B). Mean size and PdI were determined
throughout the different steps of assembling the final formulation (i.e., core synthesis,
coating of the NPs, and functionalization of the AuNPs’ surface). The main results are
presented in Table 1. Particle size significantly varied when different gold:RA ratios (m/m)
were used and tended to increase when the HAOA coating was added, for both AuNPs
using 5:3 (increase of ~40%) and 5:10 (increase of ~12%) (m/m) gold:RA ratios, suggesting
that the AuNP’s core was successfully coated. Concerning all previous results, the 5:10
AuNPs core was then chosen for functionalization, using three different ligands, EGF, HTf,
and Lap (Figure 2C). After functionalization, mean size and PdI were determined once
more, and it is noted that there was a tendency of increase in size, significant in the case of
the EGF-functionalized HAOA-coated AuNP.
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Table 1. Mean size, polydispersivity index (PdI), and recovery yield (RY) of the AuNPs, throughout
the different steps of the formulation.

Samples Functionalization
(Ligands) Mean Size (nm) PdI

5:3 AuNPs
Uncoated 88.0 ± 11.6 0.319 ± 0.061

HAOA-coated 125.3 ± 25.7 0.312 ± 0.072

5:10 AuNPs

Uncoated 314.7 ± 42.9 *** 0.475 ± 0.029
HAOA-coated 354.0 ± 29.3 0.394 ± 0.176
HAOA-coated EGF 671.5 ± 65.8 ** 0.579 ± 0.058
HAOA-coated HTf 415.3 ± 47.4 0.375 ± 0.078
HAOA-coated Lap 483.4 ± 179.7 0.494 ± 0.072

Data is presented as mean ±SD, n > 3 (** p < 0.01 vs. 5:10 AuNPs HAOA-coated, *** p < 0.001 vs. 5:3 AuNPs
uncoated).

Moreover, the RYs of the NPs were determined for the uncoated core, coated, and
functionalized formulations. The values ranged from 58 to 86%. HAOA-coated and
EGF-functionalized HAOA-coated 5:10 AuNPs presented the lowest RYs, while lapatinib-
functionalized HAOA-coated 5:10 AuNPs displayed the highest RYs, achieving a mean
value of 86%.

3.1.2. Morphological Analysis

Morphology of the AuNPs was assessed by Transmission Electron Microscopy (TEM).
Representative images are shown in Figure 3 for 5:3 gold:RA (m/m) uncoated and HAOA-
coated, while Figure 4 exhibits representative images of 5:10 gold:RA (m/m) ratio AuNPs,
uncoated, HAOA-coated, and functionalized using the three ligands (EGF, HTf,
and lapatinib).
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The 5:3 AuNPs have in general a spherical or a polyhedral shape with different sizes
(Figure 3A). When coated with HAOA, the 5:3 AuNPs show a black AuNP core surrounded
by a cloudy coating, probably related to the HAOA mixture (Figure 3B).

Although spherical particles were also present, 5:10 AuNPs were predominantly
polyhedral shaped. In Figure 4A, a very well-defined hexagonal face of a polyhedral
shaped-uncoated 5:10 AuNPs can be clearly observed. As previously seen for the 5:3
AuNPs (Figure 3B), the shape of the 5:10 AuNPs (Figure 4A) also changed after HAOA
coating addition (Figure 4B). Lap-functionalized HAOA-coated AuNPs (Figure 4C), HTf-
functionalized HAOA-coated AuNPs (Figure 4D), and EGF-functionalized HAOA-coated
AuNPs (Figure 4E) showed an evident size increase in comparison with HAOA-coated
NPs (Figure 4B), a fact that is confirmed by size analysis.

3.1.3. SPR Band

Aiming to achieve more effective AuNP-mediated PTT, AuNPs must absorb at wave-
lengths within the biological windows (650–1400 nm). Thus, the main goal was to develop
functionalized HAOA-coated AuNPs that absorbed in the NIR range (650–950 nm) of the
light spectrum, as these wavelengths are described to safely penetrate healthy tissues and
to allow the activation of AuNPs localized in deeper tumours [19], such as thyroid malig-
nancies. To evaluate this, the SPR band, corresponding to the maximum absorbance peak
(Absmax) of the AuNPs, was determined throughout the different steps of development,
for both gold:RA ratios used (Table 2). It is worth noticing that while uncoated 5:10 AuNPs
presented a SPR band in the NIR wavelengths, such results were not observed for the 5:3
uncoated AuNPs. It would be expected to shift to higher wavelengths when the AuNPs
were coated with HAOA. Although this was the case for the HAOA-coated 5:10 AuNPs,
with a shift from 753 ± 54 to 840 ± 122 nm, a SPR band decrease from 551 ± 26 nm to
536 ± 2 nm was observed for the 5:3 AuNPs uncoated and coated with HAOA, re-
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maining in the visible range. Due to this, the 5:10 AuNPs were chosen for the next
stage of the formulation design, functionalization with the ligands. It is to note that
after functionalization with the different ligands, the SPR bands of the EGF- and HTf-
functionalized HAOA-coated 5:10 AuNPs remained in the NIR range (785 ± 127 and
710 ± 128 nm, respectively), but the Absmax lapatinib-functionalized HAOA-coated 5:10
AuNPs (481 ± 25 nm) shifted into the visible section of the light spectrum.

Table 2. SPR peak (Absmax) of both 5:3 and 5:10 AuNPs, throughout the different steps of the formulation.

Sample SPR Band (Absmax nm)

5:3 AuNPs
Uncoated 551 ± 26

HAOA-coated 536 ± 2

5:10 AuNPs

Uncoated 753 ± 54
HAOA-coated 840 ± 122

EGF-HAOA-coated 785 ± 127
HTf-HAOA-coated 710 ± 128
Lap-HAOA-coated 481 ± 25

Data is presented as mean ± SD, n > 3.

3.1.4. Conjugation Efficiency

Due to the favourable characteristics of the 5:10 AuNP core (i.e., SPR band in the
NIR range) when compared to the 5:3 AuNP, the 5:10 AuNP formulation was chosen for
functionalization and further testing, being from now referred as AuNPs. Conjugation effi-
ciency was indirectly determined by measuring the non-conjugated free protein present in
the supernatant after centrifugation by colorimetric assays or by protein quantification, re-
garding EGF and HTf, respectively. Results are summarized in Table 3. HTf-functionalized
HAOA-coated AuNPs had a higher conjugation efficiency than the EGF-functionalized
HAOA-coated AuNPs. The quantification of the non-conjugated free lapatinib was per-
formed by HPLC.

Table 3. Conjugation efficiency (%) of functionalized HAOA-coated 5:10 gold:RA (m/m) ratio AuNPs.

Sample Conjugation Efficiency (%)

HAOA-coated AuNPs
EGF-functionalized 77.5 ± 9.4
HTf-functionalized 80.8 ± 8.7
Lap-functionalized 81.0 ± 5.8

Mean value ± SD, n = 3.

3.2. Preliminary Safety Assessment

A preliminary in vitro safety evaluation of the different formulations was performed
for healthy tissues using HaCat cells, a human epithelial cell line, and for tumours using
8505C cells, a human ATC cell line. Formulations were incubated for 24 h, at two different
concentrations (20 and 80 µM). The selected concentrations were based on our previous
studies [27,28]. The results of this in vitro assay are presented in Figure 5A for HaCat
and in Figure 5B for 8505C. There was a slight decrease in cell viability for some of the
tested formulations when compared to cells in the presence of complete medium (100%
viability). Cell viability of HaCat cells was higher than 70% for all tested formulations
and concentrations, thus demonstrating their safety according to ISO 10993-5:2009(E) [33].
Regardless, addition of the HAOA coating seems to have improved cell viability when
compared to the uncoated-AuNPs for both concentrations, increasing cell viability of
HaCat cells by ~9% and ~17%, at 20 and 80 µM, respectively, and increasing cell viability
of 8505C cells by ~60%, at 80 µM. Moreover, all the functionalized (EGF, HTf and lapatinib)
HAOA-coated AuNPs did not decrease cell viability below 85%, and thus seem to be safe
for in vitro non-pathologic tissues.
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3.3. In Vitro Efficacy Assessment

The efficacy of the formulations against ATC was assessed using 8505C cells, a human
ATC cell line. For this, cells were incubated with the formulations under study at 80 µM
for 4 h, thus allowing the formulations to target the cells, bind cellular receptors, and be
internalized by them. To activate the formulations, the cells were then irradiated with a
laser, emitting at 808 nm, with 3 A for 3 min, and cell viability was then determined. The
8505c cells were also incubated with the same formulations, non-activated, to compare the
activity of formulations after activation. Moreover, to ensure that differences in cell viability
observed were not caused by the laser, a group of cells were incubated with complete
medium and then were irradiated, enabling to evaluate the solo effect of the laser in cell
viability. The cell viability results regarding the formulation efficacy are shown in Figure 6.
All laser-activated samples presented caused a significant decrease in 8505C cell viability
when compared to the respective non-activated formulations. Furthermore, it was clear
that the HTf-functionalized HAOA-coated AuNPs were the most cytotoxic for the ATC
cell line, both for activated and not activated. Moreover, for cells incubated with complete
medium, the laser did not induce any effect on cell viability.
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Figure 6. Evaluation of 8505C cells viability after a 4 h incubation period with different AuNPs
formulations at 80 µM, activated with 3 A (grey columns) or not laser activated (black columns).
Results are shown regarding mean ± SD, n = 3 (** p < 0.01, *** p < 0.001 vs. control).
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3.4. In Vitro Selectivity Assessment

To complete the in vitro testing, the different AuNPs formulations’ selectivity was as-
sessed by incubating HaCat and 8505C cells with the formulations under study at several
concentrations (20 and 80 µM) for 24 h. Results are shown in Figure 7. By comparing the
viability of both cell lines incubated for 24h, with formulations at 20 µM (Figure 7A), it was
observed that some formulations (i.e., AuNPs, HAOA-coated AuNPs, EGF-functionalized
HAOA-coated AuNPs and lapatinib-functionalized HAOA-coated AuNPs) were more cyto-
toxic for the HaCat cells than for the cancerous 8505C cells. In fact, the HTf-functionalized
HAOA-coated AuNPs at 20 µM were the only formulation to which the 8505C were more
susceptible, presenting a cell viability of 79.83 ± 3.36%, while for HaCat cells a cell viability
of 91.67 ± 1.87% was achieved. The results were slightly different when the formulations
tested were at a concentration of 80 µM (Figure 7B). AuNPs and HTf-functionalized HAOA-
coated AuNPs resulted in significantly different cell viability results depending on the cell
line, showing some selectivity for the ATC cell line, as demonstrated by a more pronounced
reduction in cell viability to the 8505c cells (34.83 ± 0.70% and 71.67 ± 2.06%, for each re-
spective formulation) in comparison to data observed for HaCat cells (66.80 ± 0.80% and
89.83 ± 0.54%, respectively).
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Figure 7. Evaluation of HaCat (black columns) and 8505C (grey columns) cell viability after a 24 h incubation period with
the non-activated AuNPs formulations: (A) 20 and (B) 80 µM. Results are shown regarding mean ± SD, n = 5 (** p < 0.01,
*** p < 0.001 vs. control).

Based on these and the previously presented in vitro results, HTf-functionalized
HAOA-coated AuNPs were the formulation selected for further experiments.

3.5. In Vitro Haemolytic Activity

The haemolytic activity of the formulations was determined at a wide range of concen-
trations. The results are summarized in Figure 8. For all concentrations tested, haemolytic
activity was below 2%, which is a good indicator for the safety and biocompatibility of all
formulations, an important aspect to consider when dosage formulations are intended for
parenteral administration in future studies.
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Figure 8. Haemolytic activity of AuNPs (black columns), HAOA-coated AuNPs (dark grey columns),
and HTf-functionalized HAOA-coated AuNPs (light grey columns) at concentrations ranging from
0.04 to 80 µM. Results are shown regarding mean ± SD, n = 3 (** p < 0.01, *** p < 0.001 vs. control).

3.6. In Vivo Safety Assessment

Ex vivo histopathological analysis of different organs (spleen, liver, cervical region—
administration site, and kidney) were performed at different time points (0.5, 1, 2, 4, 6, and
24 h) following the subcutaneous tissue, adjacent to the administration of HAOA-coated
AuNPs at the cervical region of mice. Representative images are shown in Figure 9. In
most of the groups, an accumulation of the HAOA-coated AuNPs (seen as a black-ish
granular material) was observed in the s.c. adipocyte tissue, adjacent to the administration
site. HAOA-coated AuNPs induced an inflammatory reaction with the presence of cellular
infiltrates, more pronounced at 24 h post-administration, mainly composed of macrophages
and neutrophils. The cytoplasm of these inflammatory cells was filled with dark gran-
ular material, compatible with HAOA-coated AuNPs. Regarding the other organs, no
abnormalities were seen.

3.7. Preliminary In Vivo Biodistribution Assessment

The tissue indexes of the main excretion organs (i.e., liver, spleen, kidneys, and
lungs) were determined and the results are shown in Table 4. HAOA-coated AuNPs
increased significantly the tissue index of the liver at 24 h post-administration. However,
the administration of HAOA-coated AuNPs did not result in changes on the respective
tissue indexes of the organs under study. HTf-functionalized HAOA-coated AuNPs led to
a significant increase of the tissue index of the liver at both 4 h and 24 h post-administration,
but this increase was more significant at 24 h. As for the non-functionalized formulation,
HTf-functionalized HAOA-coated AuNPs did not trigger any other significant variations
of the spleen, kidneys, and lungs’ tissue indexes.
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Table 4. Tissue indexes (liver, spleen, kidneys, and lungs) of mice at 4 and 24 h post-s.c. administration of HAOA-coated
and HTf-functionalized HAOA-coated AuNPs. Control represents the tissue indexes of untreated animals.

Treatment
Tissue Index

Liver Spleen Kidneys Lungs

Control 20.1 ± 0.1 6.0 ± 0.4 9.7 ± 0.1 7.2 ± 0.2

HAOA-coated AuNPs
4 h 20.4 ± 0.4 5.8 ± 0.5 10.1 ± 0.2 7.9 ± 0.2

24 h 21.6 ± 0.6 * 6.3 ± 0.6 10.4 ± 0.1 7.7 ± 0.2

HTf-functionalized
HAOA-coated AuNPs

4 h 21.4 ± 0.1 * 6.7 ± 0.2 10.5 ± 0.1 7.6 ± 0.3
24 h 21.7 ± 1.0 ** 6.7 ± 0.2 10.5 ± 0.2 8.0 ± 0.3

Results are presented as mean ± SD, n = 3 (* p < 0.05, ** p < 0.01 vs. control).
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The gold content at 24 h post-s.c. administration of the formulations tested (HAOA-
coated AuNPs and HTf-functionalized HAOA-coated AuNPs), in relation (%) to the in-
jected dose of gold (23 mg of formulation/kg body weight) of the liver, kidneys, and serum
was determined by ICP-MS, and the results are shown in Figure 10. The two formulations
poorly accumulated in the kidney and serum, as intended, with residual percentages of
gold (less than 0.25%), with the functionalization resulting in any significant differences
regarding gold content. However, functionalizing the HAOA-coated AuNPs with HTF
resulted in a significant decrease in the gold content in the liver: from 60% of the injected
dose when not functionalized (HAOA-coated AuNPs) to 30% of the injected dose when
functionalized (HTf-functionalized HAOA-coated AuNPs).
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of HAOA-coated (dark grey columns) and HTf-functionalized HAOA-coated AuNPs (light grey
columns). Results are presented as mean ± SD, n ≥ 3 (*** p < 0.001 vs. HAOA-coated AuNPs).

4. Discussion

Several methods are described for the preparation of AuNPs, such as the Turkevich
method, Seeding Growth method, chemical method, the Brust-Schiffrin method, e.g., [34].
However, the majority of those methods uses cetyltrimethil ammonium bromide (CTAB),
which is an inflammable and cytotoxic agent that raises important safety concerns [26,35].
Therefore, there was the need to develop CTAB-free AuNPs, and the method described
in the present work was able to successfully overcome this challenge, as no CTAB was
used. In this study, the method used to produce AuNPs was adapted from the one
previously developed by our group for the treatment of melanoma [27,28]. Our previous
work included plant extract, which led to some problems in terms of reproducibility. In
the present study, for the AuNPs preparation, rosmarinic acid was used instead of the
plant extract. All the other compounds used for the AuNPs preparation are safe for clinical
application [36–40]. Moreover, the ratio between rosmarinic acid and gold was optimized.

These new AuNPs were characterized in each step of production (i.e., core synthesis,
coating addition, and functionalization of the AuNPs’ surface) regarding its size, PdI,
SPR band correspondent to the maximum absorbance peak, recovery yield (RY), surface
morphology, and conjugation efficiency.

When using a 5:3 gold:RA ratio (m/m) for the synthesis of AuNPs, the resultant core
mean size was 88 nm, while using a 5:10 gold:RA ratio (m/m) resulted in AuNPs cores
with much higher mean size (~315 nm; p < 0.001). When the AuNPs were coated with
HAOA, particle size increased. It is notable that this tendency of increasing mean size after
coating was more pronounced for the formulation synthetized using the 5:3 gold:RA ratio
(~40%) in comparison to the 5:10 gold:RA ratio (~12%). The formulations herein described
are intended to be administered in situ and to remain in the target area. Thus, formulation
clearance (both reticuloendothelial and hepatic cells) should occur only after activation of
the formulations. This clearance rate is NPs’ size-dependent, since it has been described
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that phagocytic cells are able to uptake NPs with mean sizes up to 1 µm [41,42]. On the
other hand, as the formulation should not enter into the systemic circulation, thus, NPs
size should be greater than 200 nm [41,42]. Having these size-related clearance aspects in
consideration, the 5:10 AuNP core seems to be more adequate than both the 5:3 AuNP and
previously designed formulation for melanoma [27,28]. In addition, since these cores are
smaller and, even after coating with HAOA, remain smaller than 200 nm, they represent
a higher risk of entering into the systemic circulation by intravasion through the tumour
leaky vasculature [41,42].

Still regarding the characterization of the AuNPs size, PdI of the 5:3 and 5:10 AuNPs
was determined, allowing to assess homogeneity of the developed formulations. More
uninform AuNPs were observed with the 5:3 ratio, uncoated and coated. PdIs up to 0.5 are
deemed acceptable, according to literature [43]. Moreover, although the 5:10 AuNPs core
PdI was higher (0.475 ± 0.029), it decreased following HAOA coating (0.394 ± 0.176), which
suggests that the coating contributes for uniformization of the 5:10 AuNPs size. Indeed, it
is important for a formulation to be monodisperse, as this characteristic uniformizes the
formulations properties, as well as it allows great predictability for the in vitro and in vivo
NPs behaviour [44–46].

AuNPs size also seems to influence the SPR band/Absmax of AuNPs. In fact, as
AuNPs size increases, the SPR band seems to move towards the right end of the radiation
spectrum to higher wavelengths [47]. Moreover, SPR band is also influenced by PdI of
the AuNPs, with more uniform populations of AuNPs having a more defined peak of
absorbance for a certain wavelength, unlike populations with higher PdIs, which absorb
throughout a broader range of wavelengths [48]. This was the case of the results presented
herein, with the smaller AuNPs (5:3) having a SPR band in the visible region of the light
spectrum, and the larger AuNPs (5:10) having a SPR band in NIR wavelengths. The
HAOA coating, used to increase biocompatibility (discussed below), is also expected to
cause a shift on the absorbance towards higher wavelengths, i.e., to the right end of the
light spectrum. This was reflected in the 5:10 AuNPs, as the SPR band shifted to 840 nm
with the coating addition, whereas in the 5:3 AuNPs SPR band remained unchanged (see
Table 2). Taking into consideration that it is of interest that the final formulation of AuNPs
would absorb in the wavelength range of the previously mentioned biological window,
the SPR band presented by the 5:10 AuNPs seems to be more adequate. Furthermore, 5:10
AuNPs present an improved higher SPR band (840 nm) when compared to the previously
reported formulation developed for melanoma (709 nm) [27]. This represents a significant
improvement, as the laser used for the activation of AuNPs emits at 808 nm.

In order to achieve fully functional AuNPs, selective for ATC, ligand(s) were chosen for
surface modification of the formulation. The formulation’s targets were chosen by choosing
membrane receptors known to be overexpressed in ATC cells. Two target receptors were
selected: epidermal growth factor receptor (EGFR) [49–52] and type I receptor of transferrin
(TfR1/CD71) [53–55]. In order to target those receptors, three ligands were selected for the
surface functionalization: human EGF, the ligand for EGFR; lapatinib, an EGFR and HER-2
tyrosine kinase inhibitor [56]; human Holo-Transferrin (HTf), the iron-bound form of the
ligand (transferrin) for TfR1/CD71.

Formulations were characterized regarding its recovery yield (RY) and surface mor-
phology, and the efficiency of surface functionalization was performed by indirectly de-
termining the amount of ligand at NPs’ surface. Surface morphology, assessed by TEM,
showed that the 5:10 AuNPs core has a very well-defined polyhedral shape. In fact, the 5:10
AuNP core is much more uniform than the previously described formulation, which was
heterogenous [27] and more similar to the 5:3 AuNPs’ core. Regarding the functionalization
of the HAOA-coated 5:10 AuNPs, there was no difference in shape before (HAOA-coated
AuNPs) and after functionalization with either EGF or HTf, as the shape remained spheri-
cal and well defined. However, the shape changed after lapatinib functionalization, with
both spherical and more elongated lapatinib-functionalized HAOA-coated 5:10 AuNPs.
The functionalization also induced a change in the HAOA-coated AuNPs size: the coated
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AuNPs size increased two-fold when functionalized with EGF, in contrast to 1.1 to 1.4-fold
when functionalized with HTf and lapatinib. Nevertheless, all functionalized formula-
tions displayed mean sizes that met the criteria for ideal NPs as previously discussed,
i.e., between 200 nm and 1 µm.

The efficiency of ligand conjugation to the HAOA-coated AuNPs was determined for
EGF, HTf, and lapatinib. All ligands conjugated efficiently (>70%) at the surface of the
HAOA-coated AuNPs, with EGF having the lowest values. RY indicates the percentage
of materials/reagents that formed AuNPs and is a very important parameter for indus-
trial scale level. All formulations presented an adequate RY, with 66.0 ± 0.9% for EGF,
70.0 ± 3.4% for HTf, and 86.2 ± 36.5% for lapatinib.

The relationship between AuNPs SPR band and how both HAOA coating and ligand-
binding affects absorbance of the functionalized coated AuNPs is also important for for-
mulation efficacy and, therefore, matter for discussion. Since the ligands EGF, HTf, and
lapatinib present maximum absorption at wavelengths in the UV range, the SPR band of
the functionalized formulations shifted towards the left end of the light spectrum when
compared to the non-functionalized HAOA-coated AuNPs. Moreover, functionalizing the
HAOA-coated AuNPs with lapatinib caused a more pronounced shift, culminating in a SPR
band in the visible range of the light spectrum. As mentioned, it is of interest to formulate
AuNPs that absorb NIR wavelengths (650–950 nm), favouring the 5:10 formulation. Due to
the 5:10 ratio gold:RA (m/m), AuNPs having advantageous size and SPR band, this was
the selected formulation that was functionalized and used in the further assays.

Two of the biggest concerns during the formulation development is its safety and
efficacy. The formulation must be biocompatible with healthy tissues, and cytotoxic and
selective for ATC cells, upon activation by laser. For this purpose, safety, efficacy, and
selectivity were studied in vitro using two cell lines: HaCat, a human healthy keratinocyte
cell line, and 8505C, a human ATC cell line. Safety was assessed by incubating HaCat
and 8505C cells with different concentrations of the several formulations for 24 h. As
expected, the uncoated AuNPs at a concentration of 80 µM were cytotoxic for the healthy
(and for the cancerous) cells, which was reduced by coating them with HAOA, rendering
the coated AuNPs nontoxic, i.e., biocompatible. According to ISO 10993-5:2009(E), for-
mulations that result in a decrease of cellular viability greater than 30% are classified as
cytotoxic [33]. Thus, according to ISO standards, all coated formulations tested, includ-
ing both functionalized and non-functionalized, were biocompatible with HaCat cells at
20 and 80 µM concentration, as the maximum decrease in cell viability observed was only
17% in comparison to the control. As for HaCat, the AuNPs were cytotoxic for 8505C at
80 µM, which was also resolved by coating the AuNPs with HAOA. Moreover, the cell
viability of 8505C was overall lower than HaCat cell viability for the different formulations
at 80 µM, but the selectivity of the formulations will be addressed bellow.

The efficacy of the different formulations was studied by analysing cellular viability
after incubation with the laser-activated and non-activated AuNPs, HAOA-coated AuNPs,
and functionalized HAOA-coated AuNPs. The cytotoxicity action of the laser was also
addressed by irradiating non-treated cells with the laser used to activate the formulations,
and no reduction in cell viability was observed. Furthermore, the safety of this methodol-
ogy has been previously assessed by our group using a similar formulation in HaCat and
yeast models [29]. In addition to its in vitro safety, the laser system used to activate the
formulations has shown to be very suitable and easily implementable for clinical applica-
tions, mainly due to its easy and intuitive manipulation, but also due to the device mobility.
Regarding the formulations, it is to note that, when non-activated, uncoated-AuNPs and
HTf-functionalized HAOA-coated AuNPs were effective in reducing ATC cells viability to
61% and 34%, respectively. However, the cell viability was greatly reduced to 42% (AuNPs)
and 22% (HTf-functionalized HAOA-coated AuNPs), when a laser was used to activate the
formulations. Thus, laser-induced activation of the formulations resulted in a significant
decrease in cell viability when compared with non-activated formulation. According to
ISO 10993-5:2009(E), the non-activated HAOA-coated AuNPs, EGF-functionalized HAOA-
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coated AuNPs and lapatinib-coated HAOA-coated AuNPs were not cytotoxic for ATC
cells, resulting in cell viabilities of 89%, 87%, and 77%, respectively. Although activating
HAOA-coated AuNPs and EGF-functionalized HAOA-coated AuNPs resulted in signifi-
cant cell viability decrease, when compared with the respective non-activated formulations,
HAOA-coated AuNPs still had no cytotoxicity against the 8505C cells, according to ISO
standards. Despite the fact that EGF- and Lapatinib-functionalized HAOA-coated AuNPs
are cytotoxic against ATC cells, both decreasing cell viability to 62% when activated, HTf-
functionalized HAOA-coated AuNPs was the most effective formulation, with the highest
toxicity against ATC cells, when activated (cell viability of ~22%) and for non-activated
(cell viability of ~34%) at 80 µM. Therefore, data suggests that surface functionalization of
the HAOA-coated AuNPs is crucial to increase the cytotoxic action against the ATC cell
line, being HTf-functionalized HAOA-coated AuNPs the most effective formulation.

Selectivity was assessed by comparing cell viabilities of HaCat cells (non-pathological
cells) and 8505C (ATC cells), after being incubated for 24 h with the different formulations,
non-activated by laser, at 20 and 80 µM. The formulation was considered to be selective for
ATC, as the cell viability observed for 8505C was significantly lower in comparison to HaCat
cells, for the highest concentration tested (80 µM). At 80 µM, two formulations significantly
decreased cell viability: AuNPs; and HTf-functionalized HAOA-coated AuNPs. Although
AuNPs seems to be selective and cytotoxic for ATC cells, it failed to be biocompatible
for healthy cells (HaCat), and thus, HTf-functionalized HAOA-coated AuNPs seem to
be the most suitable formulation. This formulation was biocompatible with HaCat cells,
demonstrating a very small decrease in viability of this cell line, and it was also the most
effective against ATC cells, both when activated and when not activated by laser. Thus, our
data suggest that HTf-functionalized HAOA-coated AuNPs is selective for the ATC cells
and, therefore, this was the selected formulation for the in vivo experiments that aimed to
assess safety and biodistribution, discussed below.

Although the final formulation is intended for intratumoural or in situ adminis-
tration, there is still the low possibility that it could reach the bloodstream through its
clearance or by intravasion of tumour vessels. Thus, the haemolytic activity was evalu-
ated to ensure that formulations (AuNPs, HAOA-coated AuNPs, and HTf-functionalized
HAOA-coated AuNPs) were safe for erythrocytes. For this, a wide range of concentra-
tions of the formulations under study were incubated with red blood cells (0.04 to 80
µM). The obtained results demonstrated the safety of all formulations that presented an
haemolytic activity below 2%. According to literature, formulations with less than 10%
are considered non-haemolytic [57]. Therefore, one can state that AuNPs, HAOA-coated
AuNPs, and HTf-functionalized HAOA-coated AuNPs formulations are safe parenteral
administration and/or in case they reach the bloodstream or their cellular components,
namely erythrocytes.

Biodistribution and safety assessments were separately carried out in vivo using
HAOA-coated AuNPs and HTf-functionalized HAOA-coated AuNPs. For the safety
assessment, HAOA-coated AuNPs were administrated s.c. at thyroid neck region of mice.
At most timepoints tested, the HAOA-coated AuNPs were still present in the s.c. adipocyte
tissue, adjacent to the administration site. In fact, HAOA-coated AuNPs seem to trigger
the presence of macrophages at around 24 h, with cellular infiltrates with phagocyted
AuNPs being observed. It has been described that although AuNPs are rapidly phagocyted
after administration, polymeric coatings are associated with reduced phagocytosis [58].
Furthermore, when phagocyted or taken-up by human cells, AuNPs do not seem to be
cytotoxic [59], as was also observed in the HaCat in vitro viability assays. This could
explain why these infiltrates were only present at 24 h, as the functionalization and coating
are expected to dramatically change the biodistribution of the AuNPs in comparison to non-
functionalized AuNPs formulations. Moreover, no changes in the analysed organs were
observed indicating that the absence of AuNPs-induced lesions and/or rapid clearance.
Indeed, clearance was not significant before the 24 h timepoint, which is of the outmost



Cancers 2021, 13, 1242 20 of 24

importance, since our main goal is to ensure that AuNPs are cleared from the tumour sites
only after laser activation and PTT session are concluded.

Biodistribution was assessed by quantifying the gold content (%, in relation to the
injected dosage) in liver, kidney, and serum, after 24 h post-s.c. administration of HAOA-
coated- and Holo-Tf-functionalized HAOA-coated AuNPs. Based on other studies, AuNPs’
biodistribution seems to be size-dependent. NPs with sizes greater than 200 nm tend to
accumulate mainly in the liver, although they can also accumulate in the lungs, spleen, and
kidneys [59,60]. Our results showed that the liver was indeed the organ with the greater
gold accumulation (30%, for the HTf-functionalized HAOA-coated AuNPs), but virtually
no gold has accumulated in the kidney and serum (>0.25%). Moreover, functionalizing
the HAOA-coated AuNPs with HTF significantly reduced the gold content of the liver,
from 60% (HAOA-coated AuNPs) to 30% (HTf-functionalized HAOA-coated AuNPs). The
organs were also weighted, and tissue indexes of the main clearance and excretion organs
were determined. Tissue indexes provide important information regarding chemically-
induced changes to the analysed organs. Under physiological healthy circumstances, tissue
indexes remained constant. However, increased tissue index suggests organ hypertrophy
or congestion, whereas decreased tissue index may indicate that the organ may have
undergone atrophy or any other degenerative changes [32,61]. HAOA-coated AuNPs
caused a significant increase in the liver tissue index at 24 h post-administration. Moreover,
HTf-functionalized HAOA-coated AuNPs administration also resulted in a significant
increase of hepatic tissue index, both 4 h and 24 h after administration, although more
pronounced at 24 h post-administration. The increase of index of the liver may be related
with the higher expression of the TfR1/CD71 [62], which causes higher hepatic affinity for
HTf-functionalized HAOA-coated AuNPs, thus leading to its accumulation in the liver.
However, hepatic TfR1/CD71 expression does not fully explain the increased liver tissue
index that resulted from HAOA-coated AuNPs administration. In fact, it has been described
that when NPs’ surface is impregnated with Tf, its liver accumulation is not dependent on
Tf content and that most nanoformulations accumulate in the liver, as part of their normal
clearance and excretion processes [63,64]. This fact was also supported by the ICP-MS
analysis results, that revealed that by functionalizing the AuNPs with HTf significantly
reduced its hepatic accumulation. Furthermore, since no histological abnormalities in
the liver were found, one can infer that the increased liver tissue index is related to their
normal clearance process. Nevertheless, others have suggested that in tumours with high
TfR1/CD71 expression, such as ATC, Tf-funcionalized NPs tend to accumulate more in the
tumour itself than in the liver, when compared to the non-functionalized counterpart [63].
This aspect still need further testing with our HTf-functionalized HAOA-coated AuNPs,
which we aim to do in the future, using in vivo murine models of ATC. Taking these results
together, the HTf-functionalized HAOA-coated AuNPs are deemed as safe for in situ
administration in vivo.

With all these results in mind, the HTf-functionalized HAOA-coated (5:10) AuNPs
gathers all the required characteristics for the design of an ATC-specific AuNPs for NIR-
PTT. Indeed, our functionalized coated NPs present a size between 200 nm and 1 µm.
Concerning size and shape, the AuNPs also monodisperse, allowing the predictability
of the formulations in vivo, pharmacological and physicochemical properties as well as
how the AuNPs will interact with biological entities such as cells. Moreover, these NPs
present spherical morphology, optimizing surface-area-to-volume ratio, and consequently
cell internalization. Its SPR band is within the NIR wavelengths, and more specifically in
the 800s’ nm, ensuring optimal activation by the laser emitting at 808 nm. The formulations
are safe and non-haemolytic, as tested in vitro and in vivo; and finally, our ATC-specific
AuNPs were selective and cytotoxic for ATC, causing a very significative decrease in cell
viability of an ATC cell line, upon laser activation.

The study reported herein resulted in very exciting preliminary results of a formulation
designed for NIR-PTT of ATC, and thus it should be continued. Taking solely these results
into account, this formulation seems highly promising for a future possible treatment,
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as a palliative treatment to improve patients’ quality of life, as an adjuvant therapy to
reduce the ATC mass and allow it to be surgically resettable, or yet as a monotherapy
that would completely ablate ATC. Further studies will include the in vivo efficacy and
safety assessments using ATC-bearing animal models. Undoubtedly, this data is crucial
to developing better therapeutic approaches to this disease and to predict the course
of treatment.

5. Conclusions

The current study explored the feasibility of a new formulation of functionalized
AuNPs for PTT of ATC, one of the most lethal malignancies with no viable treatment
course. Several combinations of ligands and AuNP cores were tested. Although all
functionalized formulations were deemed safe for a healthy epithelial cell line and selective
for ATC, the HTf-functionalized HAOA-coated (5:10) AuNPs was the formulation that
presented the best set of characteristics suitable to specifically target ATC cells for PTT.
Toxicity and biodistribution in vivo studies also rendered this formulation as safe, with no
abnormalities of the analysed organs and reduced gold accumulation in organs.

Taking all the results reported into consideration, the innovative formulation devel-
oped by our group, the holo-Transferrin functionalized HAOA-coated AuNPs demon-
strated to have all the desired physical characteristics for optimized in situ administration
and NIR-PTT, and had very promising preliminary results regarding selectivity and efficacy
in vitro, and in vivo and in vitro safety, for the PTT of ATC.

Although future work is still necessary, the preliminary results herein presented show
that this is a very promising path to find a possible treatment of this hopeless disease.
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