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Abstract: Two different raltitrexed gold and silver nanoparticles for the delivery of an antitumoral
drug into cancer cells were synthesized and characterized. A cysteine linker was used for the
covalent bonding of raltitrexed to the surface of nanoparticles. To evaluate the efficacy of the
antifolate-derivative nanoparticles, their cytotoxicity was assayed in vitro with A549 human lung
adenocarcinoma and HCT-116 colorectal carcinoma human cells. Modified nanoparticles are a
biocompatible material, and administration of silver raltitrexed nanoparticles strongly inhibited
the viability of the cancer cells; gold raltitrexed nanoparticles do not show any type of cytotoxic
effect. The results suggest that silver raltitrexed nanoparticles could be a potential delivery system
for certain cancer cells.

Keywords: gold nanoparticles; silver nanoparticles; raltitrexed; cancer therapy

1. Introduction

Covalently functionalized inorganic nanoparticles (NPCs) with antitumor drugs are
potentially a useful tool in the treatment of some types of cancers [1,2]. NPCs have been
used in medicine and biology for the transport and delivery of drugs as well as in gene
therapy, immunotherapy [3], magnetic resonance imaging (MRI) [4,5], metabolic pathway
signaling, photodynamic therapy (PDT), and studies of drug accumulation [6,7]. Although
the cytotoxicity of inorganic nanoparticles (NPs) is still being reviewed, factors such as
the chemical nature of the nanoparticle (NP), size, shape, and surface charge can affect
toxicity. The toxicity of NPs in general terms is often mediated by the formation of reactive
oxygen species or by the denaturation of DNA [8] or proteins. Although nanoparticles
of gold [9–11], (AuNPs), silver (AgNPs) [8,9,12], magnetite Fe3O4NPs [13], and silica
SiO2NPs [12,14] are generally considered to be good transport vectors and biocompatible,
they continue to be investigated for their use in anticancer therapy [15].

Raltitrexed is known commercially as Tomudex or ZD1694. It is an anticancer
drug from the quinazoline antifolate family and has been used as a chemotherapeutic
agent against colorectal cancer since 1996 [16]. It has a similar structure to N5, N10-
methylenetetrahydrofolate (5,10-CH2-THF) a derivative of folic acid (Vitamin B9). This
antifolate is a potent mixed non-competitive inhibitor of the enzyme thymidylate synthase
(TS) presenting a Ki of 62 nM [17]. This enzyme is responsible for synthesizing thymidylate
(dTMP) from deoxyuridylate (dUMP) and 5,10-CH2-THF as a cofactor; thus, its inhibition
blocks DNA synthesis due to a lack of deoxythymidine 5’-triphosphate (dTTP), which
slows tumor cell proliferation.
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Folic acid and its derivatives are composed of a pteridine ring, p-aminobenzoic acid,
and a glutamate residue [18]. Folic acid can enter healthy human cells through three
different mechanisms: the reduced folate transporter (RFC), the proton-coupled folate
transporter (PCFT), and specific folate receptors (FR) that have four isoforms (FRα, FRβ,
FRγ, and FRδ) [19]. The folate receptors FRα, FRβ, and FRδ are found on the cell surface
anchored by a glycosylphosphatidylinositol (GPI) while FRγ, which lacks a signal for GPI
modification, is secreted to the extracellular region [20,21]. By coordinating folic acid or
folate reduced to an RF, the complex (cell-surface receptor/ligand complex) is introduced
into the cell by endocytosis [22].

Raltitrexed (RTX) can enter cells through two routes: the membrane transporter RFC
(the main pathway for folate entry into cells) or by specifically binding to the α-folate
receptor. The FRα receptor is a peripheral glycoprotein anchored to caveolins in the plasma
membrane of cells. Once attached to the receptor, it will be introduced into the cell by
receptor-mediated endocytosis. It is then encapsulated in an endosome that will fuse with
a lysosome where the pH is roughly five. Finally, RTX is released into the cytosol where it
polyglutamates and inhibits thymidylate synthase (TS).

The RFC carrier is the main route of entry of folates into cells. It is ubiquitously ex-
pressed in the body both in healthy and carcinogenic tissues [18]. However, the expression
of FRα receptors in healthy tissues is limited to specific epithelial tissues (uterus, placenta,
retina, kidneys, and choroid plexus); this receptor is overexpressed in most cancer cells
especially in ovarian, cervical, pulmonary, renal, pancreatic, colorectal, cerebral, endome-
trial, chest, lung, and bladder cancers [23]. Therefore, FRα is a promising candidate for the
diagnosis and treatment of a wide variety of cancer diseases.

Here, silver and gold nanoparticles with a size between 15 and 20 nm in diameter
have been prepared and later functionalized with RTX. These nanoparticles can hopefully
take advantage of one or both mechanisms of transport and targeting: passive and active
targeting.

Passive targeting takes advantage of the fundamental differences between healthy
and tumor tissues: The latter is characterized by a prolific leaky vasculature between the
blood vessels surrounding the tumor [24] as a consequence of the angiogenesis, which
is driven by the metabolic demands of cancer cells [25]. The presence of numerous large
pores between 100 and 780 nm in diameter, (the pores in healthy tissue are less than 6 nm
in diameter [26]), absence of effective lymphatic drainage, and an acidic microenvironment
in the tumor cell environment due to its high glycolytic activity [27]. This is known as the
enhanced permeability and retention (EPR) effect; it causes nanoparticles to accumulate,
predominantly, in tumor cells.

Active targeting is based on the conjugation of the nanoparticle with a targeting
motif that recognizes a component overexpressed by tumor cells thus allowing preferential
accumulation of nanoparticles [24]. In our case, RTX is conjugated on the cell surface
with folate receptors that are overexpressed on cancer cells by roughly 20-fold. While
this is not the first time that the folic acid receptor has been used as a strategy to access
cancer cells [28], we are not aware of any study in which precious metal nanoparticles were
combined with RTX for possible cancer treatment with folate targeting.

2. Materials and Methods
2.1. Materials

All materials were of analytical-reagent grade and used without further purification.
HAuCl4·3H2O, trisodium citrate, silver nitrate, NaBH4, N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC), dicyclohexylcarbodiimide (DCC), RTX were sup-
plied by Sigma–Aldrich (Merck Life Science S.L.U., Madrid, Spain). Dimethyl sulfoxide
(DMSO), ethanol, and methanol were from Scharlab (Scharlab, S. L., Barcelona, Spain). All
solutions were prepared with deionized water using Milli-Q. Dialysis used SnakeSkin®

Dialysis Tubing—MWCO 3.500 g/mol (ThermoFisher, Scientific, Madrid, Spain).
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2.2. Instrumentation

Infrared FTIR spectroscopy used a Bruker Tensor 27 instrument (Bruker Española,
Madrid, Spain) in solid state. The 1H and 13C NMR spectra were recorded on a Bruker
Advance Spectrometer (Bruker Española, Madrid, Spain) at 300 and 75 MHz at 23 ◦C.
Ultraviolet-visible (UV-Vis) spectrum was obtained on a Shimadzu UV-2401PC Spectrome-
ter (Shimadzu Europa GmbH, Duisburg, Germany). Dynamic light scattering (DLS) and
zeta potential values were obtained on a Malvern ZetaSizer Nano ZS (Malvern Panalytical,
Malvern, UK). Matrix-assisted laser desorption/ionization mass spectra (MALDI) was
recorded with a Autoflex III MALDI TOF/TOF mass spectrometer provided with a Smart-
beam Laser at 200 Hz (Bruker Española, Madrid, Spain). Functionalization of AgNP used a
Biotage Initiator Classic microwave synthesizer (Biotage, NASDAQ, Stockholm, Sweden)
at 400 W.

The size of gold and silver nanoparticles were determined by JEOL JEM 2010 transmis-
sion electron microscope (TEM) (JEOL Ltd., Tokyo, Japan) operated at 200 kV accelerating
voltage. The sample for TEM measurements was prepared by dipping the TEM copper
grid (400 mesh) in a dilute dispersion of nanoparticles in water.

2.3. Synthesis and Physicochemical Characterization of the Nanoparticles

The synthesis of AuNP-Cys-RTX and AgNP-Cys-RTX have been done according to
the sequence presented in Scheme 1.

Scheme 1. Synthesis of AuNP-Cys-RTX and AgNP-Cys-RTX.

2.3.1. Synthesis of Gold Nanoparticles AuNPs

AuNPs were synthesized through reduction of HAuCl4 by trisodium citrate [29];
100 mL water was added into a flask and boiled. Next, 20 mg (5.08 × 10−5 mmol) HAuCl4
and 104.5 mg of trisodium citrate (3.6 × 10−4 mol; 1 mL 1%) were added rapidly into the
boiling water successively. After boiling for 8 min with stirring, the color changed from
colorless to red wine. The mixture was continuously stirred to room temperature and the
volume was re-adjusted to 100 mL. The concentration was 58 µg/mL with a size of about
15 nm.

2.3.2. Synthesis of AuNP-Cys

The previous solution of AuNPs was added rapidly to cysteine (6.16 mg, 5.08 × 10−5 mol
in 1 mL of water) in four aliquots. The mixture was continuously stirred at room temper-
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ature for 24 h. The color changed from wine to dark grey-blue. The solution was then
centrifuged and cleaned with water three times over 5 minutes. The product was then re-
suspended in 10 mL in water, dialyzed for three days at room temperature and lyophilized
for three days at −35 ◦C. The yield was 30%.

2.3.3. Synthesis of AuNP-Cys-RTX

Here, 5 mg of RTX (0.01 mmol) was dissolved in 1 mL of DMSO. The solution was
mixed with 2 mL of an aqueous solution of 15.5 mg of 1,3-dicyclohexylcarbodiimide
(EDC) (0.075 mmol) and 1.7 mg of N-hydroxysuccinimide (NHS) (0.015 mmol). The
AuNP-Cys (15.2 mg) were dissolved in 5 mL of H2O and were added into the solution
above. The pH was adjusted to 8–9 with 1 M NaOH. The final suspension was stirred at
37 ◦C for 24 h. Finally, the nanoparticles were dialyzed for three days at room tempera-
ture and lyophilized for three days at −35 ◦C; 5.5 mg of the final product was obtained.
Yield of AuNP functionalization: 64% The concentration of RTX covalently bound to the
AuNP-Cys-RTX nanoparticles via amidation was estimated by elemental analysis (See
Supplementary Materials).

2.3.4. Synthesis of AgNP-Cys

AgNPs were synthesized through reduction of AgNO3 by sodium borohydride. To
29.5 mL of cysteine (12 mM) and 10 mL (1.0 mM) of AgNO3, we added a sodium boro-
hydride solution dropwise (about 1 drop/second; 30 mL of 2 mM chilled in an ice bath).
The mixture was continuously stirred on a magnetic stir plate. The color of the solution
changed from colorless to dark brown. The mixture was continuously stirred two hours.
The functionalized nanoparticles were precipitated by addition of ethanol. The solution
was centrifuged and washed with ethanol three times (5 min at 8000 rpm). The product
was then re-suspended in 10 mL in water dialyzed for three days at room temperature and
lyophilized for three days at −35 ◦C.

2.3.5. Synthesis of Silver Nanoparticles AgNP-Cys-RTX

The amidation reaction procedure was adapted from the literature [30] and used a
microwave reactor. Here, 1.05 × 10−5 mmol of RTX (4.8 mg) were dissolved in 1 mL of
distilled water; 13.3 mg of EDC and 2.18 mg of NHS were dissolved in 1 mL of distilled
water. Both solutions were mixed, and the pH was adjusted to 8. Finally, 3.82 mg of
AgNP-Cys were dispersed in MeOH (3 mL). This was added to the mixture, hermetically
closed, and heated in the microwave reactor under magnetic stirring for 15 min at 140 ◦C
and 4 bar. Finally, the nanoparticles were dialyzed for three days at room temperature
and lyophilized for three days at −35 ◦C; 4.5 mg of the final product was obtained. The
yield of AgNP functionalization was 89.4%. The concentration of RTX covalently bound to
the AgNP-Cys-RTX nanoparticles via amidation was estimated by elemental analysis (See
Supplementary Materials).

2.4. In Vitro Studies
2.4.1. Cell Culture HCT116 Human Colorectal Carcinoma

The HCT116 human colorectal carcinoma cells were cultured in McCoy’s 5A medium
(a medium rich in folic acid) with 10% FBS. To study cell viability, HCT116 cells were
seeded in 96-well plates at a density of 5500 cells/well in 200 µL of McCoy 5A medium.
After 24 h of incubation at 37 ◦C, the cells were treated for 24, 48, 72, and 96 h with free RTX
(2000, 1000, and 250 nM); AuNP-Cys-RTX (quantity equivalent to 2000, 1000 and 250 nM
RTX); or AuNP-Cys (amounts equivalent to AuNP-Cys-RTX). Due to low solubility, the
samples were re-suspended in a H2O:DMSO (10:1) mixture, where the DMSO had a final
concentration per well of 0.12% (v/v).
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2.4.2. Cell Culture A549 Human Lung Adenocarcinoma

Cells were obtained from the American Type Culture Collection (Manassas, VA). The
cells were grown in RPMI 1640 medium supplemented with 2 mM L-glutamine (Sigma-
Aldrich, Madrid, Spain), 10% (v/v) fetal bovine serum, 100 units per mL penicillin, and
100 µg mL−1 streptomycin. Tissue culture medium and supplements were purchased
from LabClinics S.A. (Barcelona, Spain). When the cells reached 60–70% confluence, the
vehicle, (RTX), AgNP-Cys, and AgNP-Cys-RTX were added to the medium for 24–96 h.
Stock solutions of RTX were prepared at 1 mM in phosphate-buffered saline (PBS). Stock
solutions of all nanoparticles were prepared at 1 mg Ag per mL in phosphate-buffered
saline (PBS).

The A549 cells were plated in 96-well plates at a density of 4500 cells/well in 200 µL of
growth medium without folic acid (Invitrogen, S.S., Barcelona, Spain) and grown for 24 h.
To test the efficacy of compounds on cell growth, cells were exposed to RTX (25–1000 nM),
AgNP-Cys, and AgNP-Cys-RTX (0.001–0.01 mg Ag per mL) for 24, 48, 72, or 96 h. The
viability of the cells was measured after treatment.

2.4.3. Cell Culture and Survival/Viability

The viability of cells was quantified by luminescence using the product CellTiter-
Glo® (Promega) based on the luciferase-catalyzed oxygenation reaction of luciferin in the
presence of Mg2+, ATP, and O2. A higher cell viability led to higher ATP concentrations
and thus more luminescence. Luminescence was quantified in a Synergy H1 luminometer
BioTek®, (Agilent Technologies Spain, Las Rozas, Madrid).

The mean percentage of cell survival relative to that of vehicle-treated cells was
calculated from data of three individual experiments performed in triplicate. The results
are expressed as the mean ± S.E.M (Standard Error of the Mean). One-way analysis of
variance (ANOVA) followed by a Newman–Keuls multiple comparison test was used for
statistical evaluations. Differences were considered statistically significant at p < 0.05.

The amount of RTX in the AuNP-Cys-RTX and AgNP-Cys-RTX samples was esti-
mated from the CHNS elemental microanalysis thereof (see Supplementary Materials). We
calculated the percentage of RTX bound to nanoparticles. On the other hand, the amount
of AuNP-Cys and AgNP-Cys was calculated from the weight of the AuNP-Cys-RTX and
AgNP-Cys-RTX samples equivalent to 2000, 1000, and 250 nM of RTX.

3. Results
3.1. Characterization of Antifolate Hybrid Nanoparticles
3.1.1. UV-Vis of AuNP-Cys-RTX

Figure 1 shows the different UV-vis spectra corresponding to the variation of the
plasmonic band of the AuNPs corresponding to the three different stages leading to the
preparation of the AuNP-Cys-RTX. After the preparation of AuNPs by reduction of HAuCl4
with sodium citrate, the plasmonic band (gold plasmon resonance) presents an absorbance
maximum centered at 512 nm [31]. This band undergoes a broadening and bathochromic
shift at 640 nm due to the exchange and functionalization of the AuNP surface with cysteine.
This is due to the formation of new Au-S bonds between the Au of the nanoparticle and
the thiol group of the cysteine. The AuNP-Cys formation creates a framework that will
serve for the final amidation between a carboxylate group of the glutamine residue of RTX
with the amino group of cysteine. This new functionalization causes a hypsochromic shift
of the plasmon band at 520 nm. These three stages lead to different colors: AuNP-citrate
red-wine (ruby-red); AuNP-Cys (blue), and AuNP-Cys-RTX (brown) due to electronic and
colloidal changes in solution.



Materials 2021, 14, 534 6 of 11

Figure 1. (a) UV–vis spectra of AuNP-citrate, AuNP-Cys, and AuNP-Cys-RTX. (b) shows the change in the color of
AuNP-citrate after the addition of cysteine and Raltitrexed (RTX).

3.1.2. FTIR of AuNP-Cys-RTX and AgNP-Cys-RTX

Figures S1–S3 show the FTIR of cysteine RTX, AuNP-Cys, AuNP-Cys-RTX, AgNP-
Cys, and AgNP-Cys-RTX in a solid KBr matrix. The correct functionalization of the
NPs is verified by observing how the thiol group of the cysteine located at 2550 cm−1

disappears when coordinated with the noble metal (Figures S1 and S2). This indicates
that effective coordination occurred between cysteine and AuNP and AgNP. In parallel,
the amidation reaction of AgNP-Cys and AuNP-Cys with RTX is verified in the FTIR by
the disappearance of the C=O stretching band of AuNP-Cys (Figure S1) and AgNP-Cys
(Figure S2) at approximately 1591 cm−1 as well as the appearance of the C=O stretching
bands at 1625–1630 cm−1 of the amide (Figures S1 and S3) together with the amide bands
at 1555-1560 cm-1. In addition, the area between 3500 and 3000 cm−1 is affected by the
disappearance of the ammonium group of the cysteine (Figures S1 and S2) due to the
presence of the new amide bond and the unaffected OH groups of the rest of RTX glutamate.

3.1.3. Morphological Analysis of AuNP-Cys-RTX and AgNP-Cys-RTX

The shape and size distribution of the AuNP-Cys-RTX and AgNP-Cys-RTX nanoparti-
cles (Figures S4 and S5) were analyzed by transmission electron microscopy (TEM). The
AuNP-Cys-RTX have a gold core of 14.7 ± 0.4 nm. The AgNP-Cys-RTX have an average
diameter of 20.4 ± 0.4 nm. In addition, these images show that the AuNP-Cys-RTX and the
AgNP-Cys-RTX tend to reversibly aggregate when they are concentrated. The DLS studies
indicated the presence of stable nanoparticles with a hydrodynamic diameter of 136 and
90 nm for AuNP-Cys-RTX and AgNP-Cys-RTX, respectively.

3.1.4. Zeta Potential (ζ) of AuNP-Cys-RTX and AgNP-Cys-RTX

The deprotonation of carboxylic groups of both the cysteine and the carboxylate of
the glutamate of the RTX caused the zeta potential to be −46.2 and −42.5 mV for AuNP-
Cys-RTX and AgNP-Cys-RTX, respectively, at pH 7.4 and 30 ◦C. The results showed that
these nanoparticles had an excellent dispersity (sample was 0.030 mg of metal (Au, Ag) per
mL of each nanoparticle in a 0.01 M NaCl solution).

3.2. Cell Culture and Treatment for HCT 116 Cells with AuNP-Cys-RTX

Figure 2 shows that drug-bound nanoparticles (AuNP-Cys-RTX) do not seem to
have the expected antineoplastic effect even after 96 h of treatment. On the other hand,
cysteine nanoparticles (AuNP-Cys) do not present any cytotoxic effect. In this way, the
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antineoplastic action of RTX over HCT 116 cells is slow and reaches a maximum value after
96 h with 35% cell viability at 1000–250 nM (see Figure S6).

Figure 2. Behavior of the HCT116 cells after treatment with AuNP-Cys (green bar), AuNP-Cys-RTX (blue bar), and RTX (red
bar) at different concentrations and time periods (A) 24 h, (B) 48 h, (C) 72 h, (D) 96 h. The nanoparticle (NP) concentrations
are expressed as nM of RTX. Each bar represents the mean +/− SEM of three independent experiments performed in
triplicate and normalized to non-treated cells (taken as 100%). The asterisk (*) and the hash mark (#) indicate significant
differences between the viability resulting from treatment with “free” RTX and the equivalent concentrations of AuNP-Cys
and AuNP-Cys-RTX, respectively (p-Value < 0.001).

3.3. Cell Culture and Treatment for A549 Cells with AgNP-Cys-RTX

Figure 3 shows the variation in the cell viability of the AgNP-Cys and AgNP-Cys-
RTX nanoparticles against the A549 tumor cells at different RTX concentrations (nM). The
concentrations tested are between 50, 100, and 1000 and are monitored after 72 and 96 h.
The results show a total compatibility of the A549 cells with the antifolate-functionalized
nanoparticles; AgNP-Cys have no toxicity. The AgNP-Cys-RTX hybrid nanoparticles lead
to a significant decrease in cell viability at 1000 nM for > 48 h. Thus, after 72 h, cell viability
decreases by 52% and reaches a maximum decrease close to 38% after 96 h.

Figure 4 plots the viability data of cells treated with NP-RTX compared to the equiv-
alent concentration of free RTX at 72 h and 96 h. The concentrations of AgNP-Cys-RTX
shown here are calculated based on the equivalent concentration of free RTX.
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Figure 3. Behavior of the A549 cells after treatment with AgNP-Cys (green bar) and AgNP-Cys-RTX
(blue bar) at different time periods (A) 72h (B) 96h and concentrations. The NP concentrations are
expressed as nM of RTX. Each bar represents the mean +/− SEM of three independent experiments
performed in triplicate normalized to non-treated cells (taken as 100%). Differences were analyzed
preforming an ANOVA followed by a Newman–Keuls multiple comparison test. * p-value < 0.05;
ns—no significant.

Figure 4. Behavior of the A549 cells after treatment with AgNP-Cys-RTX (blue bar) and RTX (red bar)
at different time periods (A) 72 h (B) 96 h and concentrations. The NP concentrations are expressed
as nM of RTX. Each bar represents the mean +/− SEM of three independent experiments performed
in triplicate normalized to non-treated cells (taken as 100%). Differences were analyzed performing
an ANOVA followed by a Newman–Keuls multiple comparison test. ns—no significant.

4. Discussion

The anti-tumoral effect of the antifolate RTX transported into tumor cells through
AuNP-Cys-RTX and AgNP-Cys-RTX nanoparticles was studied. The release mechanism of
RTX inside the cell is due to the hydrolysis of the peptide bond via lysosomal proteases on
the RTX conjugated in the nanoparticle; this process releases RTX in the cytoplasm.

Gold nanoparticles not functionalized with the drug (AuNP-Cys) have no cytotoxic
effects. This agrees with the literature [32] confirming that non-functionalized gold nanopar-
ticles are not toxic to cells [33].

However, the RTX-functionalized gold nanoparticles (AuNP-Cys-RTX) have no anti-
neoplastic effects despite having introduced amounts equivalent to the three concentrations
of free RTX studied. In fact, RTX bound to AuNP should be specifically recognized by
folate receptors α (FRα) expressed on the plasma membrane of tumour cells allowing
endocytosis of the nanoparticle and the subsequent release of the drug into the cell thanks
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to the breakdown of the amide bond between cysteine and RTX (breakdown mediated by
acid pH and lysosome proteases).

To ensure that the loss of the RTX conjugation of the AuNPs had not occurred, the
1H-NMR spectrum of AuNP-Cys-RTX dispersed in DMSOd6:D2O was recorded after the
dialysis purification process. The inset of Figure S7 shows the aromatic region of RTX in
AuNP-Cys-RTX and the spectrum of free RTX dissolved in DMSO-d6.

After characterizing these nanomaterials, we also propose mechanisms impacting
their action. For example, The HCT-116 cell line expresses a relatively low amount of folate
α (FRα) receptors on its plasma membrane [34]. Several studies confirm that if this line is
grown in a medium rich in folic acid (such as RPMI-1640 “standard” or McCoy 5A), then
the expression of FRα can decrease up to 100% [35]. In our study, these cells were cultured
in McCoy 5A medium, which explains the lack of antineoplastic potential evidenced in
the viability test. The low amount of FRα and the high concentration of folic acid (which,
in addition to inhibiting FRα expression, competes with the nanoparticle to bind to said
receptor) are two important factors that can prevent internalization of AuNP-Cys-RTX in
the cells.

This explains why free RTX has antineoplastic effects and not the nanoparticle. In
addition to the FRα pathway, free drug can enter the cell via the RFC carrier, which is
constitutively expressed on the HCT-116 cell membrane [36]. However, this carrier is too
small to facilitate nanoparticle entry.

The data show that AuNP-Cys-RTX forms reversible aggregates (due to electrostatic
forces) more than 100 nm in diameter. Although this effect would make it difficult for
AuNP-Cys-RTX to enter cells, the literature recently showed how RTX forms irreversible
aggregates with gold nanoparticles [37]. This could further worsen proper endocytosis and
drug availability.

Quite the opposite occurs when RTX is used with silver nanoparticles for the treatment
with cells that overexpress folate receptors (A549 human lung adenocarcinoma cells).

Cell survival with both the AgNP-Cys-RTX hybrid material and the RTX drug is
similar both at different concentrations and time periods. On one hand, this result is logical
if one considers that the concentrations of nanoparticle and free RTX are identical. This
result indicates that AgNP-Cys-RTX is at least as valid and effective as free RTX. It offers
diffusion, vascular transfusion, and recognition by cellular FA receptors. The amide bond
is broken inside the tumor cells to release conjugated drug. An in vivo treatment with
these AgNP-Cys-RTX will likely produce fewer side effects because each AgNP-Cys-RTX
transports more RTX (approximately 3000 per nanoparticle). Thus, a lower dose could
achieve the same antitumor effectiveness [38].

5. Conclusions

This study evaluated two different functionalized nanoparticles: AuNP-Cys-RTX
and AgNP-Cys-RTX. These were tested with A459 and HCT 116 cell lines in vitro with
interesting conclusions. The first conclusion is that the RTX-functionalized AuNPs do not
present sufficient dispersity to be used as a transport vehicle for RTX. This is because they
aggregate due to the high affinity of RTX for AuNPs. However, cell lines, such as A549,
that overexpress FA receptors can be used for active targeting. Future work will optimize
the size and evaluate in vivo activity.

Supplementary Materials: The following are available online at https://www.mdpi.com/1996-194
4/14/3/534/s1, Figure S1: FTIR characterization of (1) AuNP-Cys, (2) AuNP-Cys-RTX, (3) Raltitrexed
(RTX) and (4) Cysteine (Cys). Figure S2: FTIR characterization of (1) Cysteine (Cys) and (2) AgNP-Cys.
Figure S3: FTIR characterization of (1) Raltitrexed (RTX) and (2) AgNP-Cys-RTX. Figure S4: TEM
of AuNPs-Cys-RTX, and the statistical distribution of the size of the nanoparticles. Figure S5: TEM
of AgNPs-Cys-RTX, and the statistical distribution of the size of the nanoparticles. Figure S6: Cell
viability of HCT-116 after 72 and 96 hours of treatment with 2000, 1000 and 250 nM free Raltitrexed.
Figure S7: 1H-RMN spectra of Raltitrexed in DMSOd6. Insert region shown the aromatic region of
RTX supported on AuNP after lyophilization process.

https://www.mdpi.com/1996-1944/14/3/534/s1
https://www.mdpi.com/1996-1944/14/3/534/s1
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