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In this work four different iron oxide nanoparticles for the delivery of antitumoral drugs into 

cancer cells were synthesized and characterized. The antifolates Raltitrexed, Pemetrexed and 

Methotrexate were bound to iron oxide nanoparticles by two different methods: covalent 

bonding or non-covalent interactions, such as electrostatic and H-bonding. For the covalent 

bonding of antifolates to the surface of nanoparticles an appropriate linker (3-

aminopropyltriethoxysilane) was used, while the non-covalent interaction was achieved with 

nanoparticles functionalized in one step with squaramides and meso 2,3-dimercaptosuccinic 

acid. To evaluate the efficacy of the antifolate-derivatized nanoparticles, their cytotoxicity was 

assayed in A549 human lung adenocarcinoma cells. Only administration of the covalent 

antifolate-functionalized nanoparticles strongly inhibited the viability of these cancer cells, 

whereas the delivery of antifolates bound to nanoparticles through non-covalent interactions 

did not exhibit significant cytotoxic effects. The present results suggest that covalent 

antifolate-functionalized nanoparticles could be a potential delivery system for certain cancer 

cells. 

 

Introduction 

In the last years, iron oxide nanoparticles have been used as a 

suitable platform for contrast enhancement in magnetic 

resonance imaging1 and as a drug carrier in chemotherapy.2 

Most of these nanoparticles are functionalized with tumor-

specific targeting ligands to specifically deliver the anticancer 

drugs to the tumor cells. One of the strategies used to facilitate 

the delivery of antitumoral drugs is to conjugate folic acid (FA) 

to the nanoparticles.3 The rationale of this approach is that 

folate-receptors are overexpressed on the cell membranes of 

many cancer cells compared with normal cells.4  

The nanoparticle conjugates have the ability to bind to these 

receptors and, thus, enter the cell via folate receptor-mediated 

endocytosis.5 The same cellular mechanism is used by a certain 

class of antitumoral chemotherapeutics, known as antifolates 

which are structurally similar to FA, e.g., Methotrexate (MTX), 

Raltitrexed (RTX) and Pemetrexed (PTX). Despite the 

cytostatic activity of these antifolates and the established 

capacity of nanoparticles as drug carriers, only combinations of 

nanoparticles with MTX6 have been studied yet. 

In general, two different approaches have been explored for 

drug transportation by nanoparticles. The first consists in 

conjugating the drugs covalently to the nanoparticle surface 

through appropriate linkers, and the second, in physically 

adsorbing or establishing ionic and hydrogen bonds.3c,7 The 

covalent method is the most used because the bond strength 

makes nanoparticle-drug conjugates highly stable. The non-

covalent interactions require components that are able to offer 

donor-acceptor H bonding and ionic interactions and, in this 

context, squaramides are useful compounds to achieve such 

associations.8 In particular, the tetraalkylammonium group of 

the squaramide substituted derivatives, are capable of tightly 

binding anions due to the cooperative action of electrostatic and 

hydrogen interactions (Scheme 1). In fact, in one of our 

previous studies we described an abiotic squaramide folate 

binding receptor capable of achieving an affinity high enough 

for sensing folate-like guests, namely, FA, MTX, PTX and 

RTX in water.9 In the practice, we have used the conjunction 

between squaramides and nanoparticles as a selective receptor 

for certain carboxylates in an efficient way. However the ability 

of the squaramide-functionalized iron oxide nanoparticles have 

not been tested as a possible drug carrier yet. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Possible H bonding and ionic interactions between 

squaramide derivatives and antifolates. 
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Scheme 2. Synthesis of NP-APTES-RTX and NP-APTES-PTX. 

Results and Discussion 

The aim of this work was to synthesize and characterize 

different iron oxide nanoparticles for the transport and delivery 

of antifolates into cancer cells either through covalent bonding 

or non-covalent interactions. For the covalent bonding, a 

common linker 3-aminopropyltriethoxysilane (APTES) was 

used to react with the antifolates forming an amide bond, 

whereas for the non-covalent interactions squaramide 

derivatives were used. Finally, we compared their antitumoral 

efficacy in A549 human lung adenocarcinoma cells which are 

known to have folate-receptors overexpressed on their cell 

membranes. 

In order to study the covalent bonding of antifolates, hybrid 

magnetic nanoparticles NP-APTES-RTX and NP-APTES-PTX 

were generated. This material was prepared following a 

previously described method6a with some modifications 

(Scheme 2). Fe3O4 nanoparticles were synthesized by thermal 

decomposition of iron (III) acetylacetonate in the presence of 

oleylamine, oleic acid and 1,2-hexadecanediol in dibenzyl 

ether.10 The surface modification with APTES11 provided an 

excellent linker for the subsequent conjugation of RTX or PTX 

via amidation. 

In the context of the non-covalent interactions NP-SQ1 and NP-

SQ2 were synthesized (Scheme 3) following a previously 

described method with minor modifications.12 Fe3O4 

nanoparticles, obtained as described above, were surface-

modified with meso 2,3-dimercaptosuccinic acid (DMSA) and 

the corresponding squaramides SQ1 or SQ213 in one step. 

DMSA14 increases the solubility of nanoparticles making them 

completely water-soluble. Besides, the terminal amine or 

ammonium salt in SQ1 and SQ2 respectively, are positively 

charged at pH 7.4, hence, facilitating the interaction with the 

carboxylic groups of the antifolates that are deprotonated at this 

pH.  

The correct surface modification of NP-APTES-RTX, NP-

APTES-PTX, NP-SQ1 and NP-SQ2 was confirmed by FTIR 

spectroscopy (Fig. 1). The presence of C=O stretching bands at 

1625-1630 cm-1 and the amide N-H bands at 1555-1560 cm-1 as 

well as the Si-O bonding peaks at 1000 cm-1 in the spectrum, 

confirm the presence of the antifolates bound to the surface. On 

the other hand, the squaramide coating of NP-SQ1 and NP-SQ2 

was confirmed with typical C=O stretching bands at 1800 cm-1. 

The amide N-H bend peak at 1590 cm-1 was also attributed to 

coated squaramide. The peak at 1370 cm-1 attributed to the 

symmetric stretch band of the carboxylate (COO-) confirmed 

the presence of DMSA. An Energy-dispersive X-ray (EDX) 

performed to NP-APTES-RTX and NP-SQ1 showed the 

presence of Si and S (Fig. 1A and 1C insert).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3. Synthesis of NP-SQ1 and NP-SQ2. 
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Fig. 1. FTIR and EDX characterization of A) NP-APTES-RTX, 

B) NP-APTES-PTX, C) NP-SQ1 and D) NP-SQ2. 

 

The uniform shape and size distribution of the different 

particles (Fig. 2) was analyzed by transmission electron 

microscopy (TEM) and showed an iron oxide core of about 8 

nm. Dynamic light scattering (DLS) studies (Fig. 2 insert) 

indicated the presence of stable nanoparticles with a 

hydrodynamic diameter of 70 and 80 nm for NP-APTES-RTX 

and NP-APTES-PTX. The polydispersity index (PDI) obtained 

for these nanoparticles was 0.43 and 0.41 respectively. These 

values showed a mid-range polydispersity. A hydrodynamic 

diameter of 90 and 120 nm was obtained for NP-SQ1 and NP-

SQ2. In this case PDI values were 0.21 and 0.26 respectively, 

which placed these nanoparticles in an intermediate range of 

polydispersity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 TEM and DLS characterization of A) NP-APTES-RTX, 

B) NP-APTES-PTX, C) NP-SQ1 and D) NP-SQ2. 

 

The different nanoparticles were also characterized by Zeta 

potential. For NP-APTES-RTX and NP-APTES-PTX an 

average of -8.3 and -7.9 mV was obtained at pH=7.4. For NP-

SQ1 and NP-SQ2 Zeta potential values were measured as a 

function of pH (Fig. 3). The results showed that these 

nanoparticles had a significant negative charge at pH=4 due to 

the presence of the carboxylic groups of DMSA. For NP-SQ1 a 

gradual decrease of Zeta potential between pH 4 and 8.4 was 

observed as a result of the complete deprotonation of 

carboxylic groups of DMSA and the partial deprotonation of 

thiol and amine groups from DMSA and squaramide 

respectively. Instead, for NP-SQ2 a decrease of Zeta potential 

value was observed only between pH 4 and 7.4 due to the 

deprotonation of carboxylic and thiol groups from DMSA. At 

higher pH, Zeta potential value remains constant because of the 

tetraalkylammonium salt of squaramide SQ2. 

 
Fig. 3. Zeta potential values of NP-SQ1 (above) and NP-SQ2 

(below) as a function of pH. Values obtained from a solution of 

0.028 mg Fe/mL of each nanoparticle in a 0.01 M NaCl 

solution. 

 

Once NP-APTES-RTX and NP-APTES-PTX are taken up by 

the cells, the molecular mechanism to release the covalent 

bound antifolates involves lysosomal proteases. Lysosomal 

proteases are able to hydrolize peptide-like amide bonds (such 

as the covalent bond with which the antifolates are conjugated 

to the nanoparticles), thereby releasing these drugs into the 

cytoplasm.15 The intracellular lysosomal conditions were 

simulated in vitro using a crude protease extract and incubating 

it at 37 ºC with NP-APTES-RTX and NP-APTES-PTX at 

different pH (4.0, 5.6 and 7.4) and time periods (24 – 96 h). The 

maximum release of RTX and PTX was quantified by HPLC 

analysis.16 As shown in Fig. 4 a decrease in the pH increased 

the release of RTX or PTX from the nanoparticles, which is in 

line with the higher activity of lysosomal proteases at lower 

pHs. These results also revealed that the maximum possible 

amount of drug was already released after 24 h with the release 

of RTX being higher than that of PTX. This fact was related 

with the initially higher concentration of RTX bound to the 

nanoparticle´s surface compared to PTX. The release of RTX 

and PTX observed at higher pHs, specifically 5.6 and 7.4, was 

due to the residual activity of the mentioned proteases and their 

large amount compared to the functionalized nanoparticles in 

this assay. Previous drug release experiments with MTX 
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covalently bound to iron oxide nanoparticles showed the same 

tendency.6a The maximum quantity of RTX and PTX released 

was 0.445 ± 0.001 µmol/mg Fe and 0.027 ± 0.001 µmol/mg Fe, 

respectively, at pH 4.0. 

 

 
Fig. 4. Covalently bound Raltitrexed (above) and Pemetrexed 

(below) released from nanoparticles at different pH and time 

periods at 37 ºC using a crude protease extract. Percentage of 

drug released at each pH and time is included on each column. 

Drug release was measured by HPLC. 

 

The concentration of RTX and PTX covalently bound to the 

iron oxide nanoparticles via amidation was estimated by 1H-

RMN through the residues of the reaction. The initial quantity 

of RTX and PTX present on the nanoparticle´s surface was 

about 0.5 µmol/mg Fe and 0.2 µmol/mg Fe, respectively. This 

result suggested that the release of RTX reached 90% while for 

PTX reached only 14%. This fact demonstrated that the 

hydrolysis of the peptide-like amide bonds of RTX was more 

effective in these experimental conditions. The lower release of 

PTX was not considered negative. Previous drug release assays 

performed in similar experimental conditions with MTX6d,17 

showed a significantly lower release of this antifolate, without 

affecting the final cytotoxicity of the functionalized 

nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Antifolate retention by NP-SQ1 and NP-SQ2 measured 

by HPLC. 

The retention and release of RTX, PTX and also MTX from 

NP-SQ1 and NP-SQ2 was measured by HPLC. The retention 

process was studied at pH 7.4 in PBS (phosphate buffered 

saline) buffer at different times (15, 30, 45 and 60 min). The 

results suggest that RTX, PTX or MTX were retained to a 

similar extent at the same concentration (about 0.2 µmol/mg 

Fe) by both types of nanoparticles. In addition, time did not 

affect antifolate retention as shown in Fig. 5. 

The release of antifolates was also analyzed by HPLC at pH 7.4 

and 4.0. The results showed that up to 5-15% of the total 

amount of both drugs was released at pH 7.4, while the release 

increased up to 90% at pH 4.0 (Fig. 6). At this last pH the 

carboxylic groups of the different antifolates are protonated. 

This fact affects the formation of ionic interactions with the 

ammonium salts of the squaramides SQ1 and SQ2 and causes 

the release of the antifolates. The released amount was 

quantified and results are shown in Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6. RTX, PTX and MTX release from squaramide-

functionalized nanoparticles NP-SQ1 and NP-SQ2 at pH=7.4 

(above) and pH=4.0 (below), measured by HPLC. Percentage of 

drug released at each time is included on each column. 

 

Table 1 Quantification of the maximum antifolate release by 

NP-SQ1 and NP-SQ2 

 NP-SQ1a NP-SQ2a 

MTX 0.18 ± 0.03 0.18 ± 0.01 

RTX 0.19 ± 0.02 0.18 ± 0.01 

PTX 0.18 ± 0.01 0.17 ± 0.01 
a µmol/mg Fe 

 

Cytotoxicity Studies 

The potential cytotoxicity of the nanoparticles conjugates was 

evaluated in vitro in A549 cells using the MTT18 assay to 

compare the efficacy between the different antifolate drugs 

bound to nanoparticles through covalent binding or through 

non-covalent interactions, like H-bonding and electrostatic 

forces. A549 cells are known to have folate receptors 

overexpressed on their cell membranes.  
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Fig. 7, 8 and 10 show the time-course of viability of A549 cells 

as percentage of cell survival after treatment with soluble 

antifolates or the respective antifolate-functionalized 

nanoparticles. The cellular viability in the presence of both 

soluble RTX or PTX and NP-APTES-RTX was found strongly 

reduced after 96 h as indicative of the cytotoxicity of both 

antitumoral drug delivery strategies. However, soluble RTX 

and PTX (Fig. 7) showed a high differential dose-dependent 

cytotoxicity after 96 h of treatment. While soluble RTX 

strongly inhibited cell viability up to 58 ± 4% at 25 nM, 

reaching a maximum inhibition of 84 ± 2% at 0.1 µM, PTX 

only reduced cell viability by 57 ± 3% at 1 µM, the maximum 

drug concentration studied. 

 

 

 
Fig. 7. Cell viability in A549 cells after treatment with soluble 

RTX (above) and soluble PTX (below) at different time periods 

and concentrations. Each column represents the mean ± SE of 

three independent experiments performed in triplicate 

normalized to non-treated cells (taken as 100%). **P< 0.01, 

***P< 0.001 and ****P< 0.0001 versus non-treated cells. 

 

Similar results were obtained after treatment of tumor cells with 

RTX or PTX covalently bound to nanoparticles (Fig. 8). NP-

APTES-RTX inhibited A549 viability in a dose-dependent 

manner, reaching a maximum inhibition up to 78 ± 1% at a 

concentration of 0.005 mg Fe/mL after 96 h of treatment. 

Higher concentrations of NP-APTES-RTX did not cause a 

stronger reduction of cell viability. Interestingly, treatment of 

cells with the same concentration of NP-APTES-PTX did not 

affect A549 cell viability in the same extent. 

The poor anti-tumoral efficacy exhibited by NP-APTES-PTX 

indicates that the maximum amount of PTX that could be 

released from these nanoparticles into the cells was not 

sufficient to affect cell viability. In agreement with this 

observation, the maximum release of free PTX that could be 

reached by the highest concentration of NP-APTES-PTX (0.01 

mg Fe/mL) studied was only about 0.27 µM, a concentration 

that provoked only a mild effect on cell viability when 

administered as soluble drug (Fig. 7 below). This implies that a 

higher concentration of PTX at the nanoparticle´s surface or a 

higher release of it would be needed to obtain a notable 

reduction in cell viability.  

 
Fig. 8. Cell viability in A549 cells after treatment with NP-

APTES-RTX (above) and NP-APTES-PTX (below) at different 

time periods and concentrations. The NP concentrations are 

expressed as mg Fe/mL. NP-APTES was used as control (NP 

Control) at a concentration of 0.01 mg Fe/mL. Each column 

represents the mean ± SE of three independent experiments 

performed in triplicate normalized to non-treated cells (taken as 

100%). *P< 0.05, **P< 0.01, ***P< 0.001 and ****P< 0.0001 

versus non-treated cells. 

 

In contrast, the maximum RTX release from NP-APTES-RTX 

at 0.01 mg Fe/mL obtained in vitro was about 4.5 µM, which 

decreased cell viability to the same extent as 1 µM of soluble 

RTX. However, the cellular uptake of NP-APTES-RTX and 

NP-APTES-PTX after 24 h was only 38 ± 2 pg Fe/cell and 25 ± 

3 pg Fe/cell, respectively, meaning that the maximum 

intracellular level of free RTX or PTX could achieve 2 x 10-8 or 

7 x 10-10 µmol/cell, respectively, if all bound drug would have 

been released (Fig. 9). These data suggest that the delivery of 

RTX through NP-APTES-RTX nanoparticles reaches the 

maximum cytotoxic effect observed with soluble RTX at a 

lower concentration in A549 cells. These findings support the 

idea that the lysosomes have the ability to cleave RTX from the 

nanoparticles, allowing the free RTX to exert its antitumoral 

effect. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Cellular uptake of NP-APTES-RTX and NP-APTES-

PTX in A549 cells after 24 h of incubation.  

 

The antitumoral effect of the antifolates RTX, PTX or MTX 

transported into tumor cells through squaramide-functionalized 

nanoparticles was also studied. Initially, several concentrations 
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of each squaramide-functionalized nanoparticles (between 

0.001 and 0.01 mg Fe/mL) were assayed in A549 cells. As 

shown in Fig. 10, none of the antifolate-functionalized 

nanoparticles altered cell viability after 96 h of treatment. 

Because of the low efficacy we next examined the in vitro 

cytotoxicity of loaded RTX, PTX or MTX nanoparticles at 

higher concentrations (between 0.1-1 mg Fe/mL). However, 

only the highest concentration of loaded RTX nanoparticles (1 

mg Fe/mL) exhibited a slight inhibitory effect on cell viability 

after 96 h of treatment. More concretely, at 1 mg Fe/mL NP-

SQ1/RTX reduced cell viability by 20 ± 3%, while NP-SQ2/RTX 

induced a decrease of 44 ± 3%. The low cytotoxic effect exhibited 

by these loaded nanoparticles did not seem to be caused by a 

lower release of bound drug, because at the highest 

concentration studied (1 mg Fe/mL), the maximum drug release 

was in the range of 170-190 µM at acidic pH (Table 1). This 

suggests that the cellular uptake of NP-SQ1/RTX or NP-

SQ2/RTX is lower than that of the covalently bound 

nanoparticles.  

 

 

 
Fig. 10. Determination of cell viability in A549 cells after 

treatment with NP-SQ1 and NP-SQ2 with RTX, PTX and MTX 

at different concentrations. The NP concentrations are 

expressed as mg Fe/mL. Each column represents the mean ± SE 

of three independent experiments performed in triplicate 

normalized to non-treated cells (taken as 100%). **P< 0.01, 

***P< 0.001 and ****P< 0.0001 versus non-treated cells. 

 

Previous studies19 of the interaction between the folic receptor 

(FR) and FA have demonstrated that the folate pteroate moiety 

is positioned inside the receptor, whereas its glutamate moiety 

is solvent-exposed and sticks out of the pocket entrance of the 

FR. This arrangement allows to those folic acid conjugates 

through the glutamate residue to interact with FR without 

adversely affecting this binding. 

The covalent binding of the antifolates to the iron oxide 

nanoparticles described in this work preserved the pteroate 

residue free to interact with FR. However, in the non-covalent 

interactions established between the squaramide derivatives and 

the antifolates, the position of the pteroate moiety is not fixed 

(Scheme 1). This particular moiety could be placed to the 

solution, interacting with the squaramides only through 

electrostatic interactions, or oriented into the squaramide 

chains. This last disposal disables the interaction with FR 

preventing the cellular uptake of RTX, PTX or MTX 

transported by NP-SQ1 or NP-SQ2. 

Finally, we suggest that the slight inhibitory effect on cell 

viability after 96 h of treatment observed for NP-SQ1/RTX and 

NP-SQ2/RTX at the highest concentration was due to the 

partial release of RTX in the medium at pH 7.4 and its entrance 

as soluble drug. Even though we observed this release in the 

same extent for PTX and MTX, the higher cytotoxic effect of 

RTX causes the mentioned inhibition. 

Importantly, nor unloaded NP-SQ1 and NP-SQ2 nanoparticles 

neither the nanoparticles functionalized only with DMSA (NP-

DMSA), used as negative control, affected cell viability even at 

the highest iron concentration (1 mg Fe/mL) (Fig. 11), proving 

that the before mentioned low antitumoral effect was actually 

induced by the antifolate compounds and not the nanoparticles 

itselves. 

 
Fig. 11. Determination of cytotoxicity in A549 cells of 

unloaded NP-DMSA, NP-SQ1 and NP-SQ2 at 96 h. 

Experimental 

Synthetic procedures 

Synthesis of Fe3O4 nanoparticles. 0.71g of Fe(acac)3 (2 mmol), 3 

mL of oleylamine (6 mmol), 2 mL of oleic acid (6 mmol) and 2.58 g 

of 1,2-hexadecanediol (10 mmol) were mixed into 20 mL of 

dibenzylether. The solution was firstly heated at 200 ºC for 1 h and 

then at 300 ºC for 2 h with vigorous magnetic stirring and reflux 

under Ar atmosphere. Afterwards, the solution was cooled to room 

temperature and the nanoparticles were precipitated by adding 25 

mL of ethanol to the mixture. The precipitate was collected by 

centrifugation at 8000 rpm, washed with ethanol (3 x 15 mL) and 

dispersed in hexane containing 75 mM oleic acid and 75 mM 

oleylamine. 

Synthesis of NP-APTES. 0.5 mL of APTES was added to a 

colloidal suspension of 25 mg of Fe3O4 nanoparticles in 50 mL of 

toluene anhydride. The mixture was sonicated for 4 h at 60oC. 

Finally, the coated Fe3O4 nanoparticles were magnetically separated 

and washed with ethanol (3 x 15 mL) and deionized H2O (3 x 15 

mL). 

Synthesis of NP-APTES-RTX or NP-APTES-RTX. 5 mg of 

RTX or PTX (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 (DCC) (0.075 mmol) and 1.7 mg of 

N-hydroxysuccinimide (NHS) (0.015 mmol). 10 mg of NP-APTES 

dissolved in 5 mL of H2O were added into the above mentioned 

solution. The pH was adjusted to 8-9 with 1 M NaOH. The final 

suspension was stirred at 37oC for 24 h. Finally, the nanoparticles 
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were isolated with a magnet and washed several times with 

deionized H2O. 

Synthesis of NP-SQ1 or NP-SQ2. 10 mg of Fe3O4 nanoparticles 

were dispersed in 1 mL of toluene. 40 mg of meso 2,3-

dimercaptosuccinic acid (DMSA) (0.22 mmol) and 73.3 mg of SQ1 

or 104.6 mg of SQ2 (0.22 mmol) were dissolved in 0.2 mL of 

DMSO. Both solutions were mixed and sonicated for 5 min before 

the final solution was stirred for 12h. The nanoparticles were washed 

with EtOH (3 x 5 mL), MeOH (2 x 5 mL) and acetone (1 x 5 mL) 

and finally dispersed in 1.2 mL of 0.1% wt NH4OH. 

Synthesis of NP-DMSA. 10 mg of Fe3O4 nanoparticles were 

dispersed in 1 mL of toluene. 40 mg of meso 2,3-dimercaptosuccinic 

acid (DMSA) was dissolved in 0.2 mL of DMSO. Both solutions 

were mixed and sonicated for 5 min and then stirred for 12h. The 

nanoparticles were washed with EtOH (3 x 5 mL), MeOH (2 x 5 

mL) and acetone (1 x 5 mL) and finally dispersed in 0.7 mL of 0.1% 

wt NH4OH. 

Determination of Antifolate retention and release from NP 

Analysis of RTX and PTX release from NP-APTES-RTX and 

NP-APTES-PTX. 0.5 mg of NP-APTES-RTX or NP-APTES-PTX 

were dispersed in 5 mL of PBS (phosphate buffered saline) buffer 

(pH=7.4). The pH of the solution was adjusted at 4.0, 5.6 or 7.4 with 

1 M HCl. 1 mg of bovine pancreas protease was added into each 

suspension. The mixture was incubated at 37oC for 24, 48, 72 or 96 

h respectively. The nanoparticles were isolated with a magnet and 

aliquots of 0.5 mL were analyzed by HPLC to determine the release 

of RTX and PTX from the functionalized nanoparticles. (HPLC 

conditions: C18 column, Isocratic mode PBS/CH3CN (80:20), 0.8 

mL/min, 30 µL of sample inyected, λRTX: 264 nm, λPTX: 250 nm). 

Analysis of RTX, PTX and MTX retained by NP-SQ1 and NP-

SQ2. 0.2 mg of NP-SQ1 or NP-SQ2 were dispersed in 0.5 mL of 

RTX solution (1 x 10-4 M in PBS buffer, pH=7.4) and stirred for 15, 

30, 45 or 60 min. The nanoparticles were then isolated with a magnet 

and washed once with PBS buffer. The resulting solution was 

filtered and analyzed by HPLC to determine the remaining 

concentration of RTX. The same procedure was used to determine 

the retention of PTX and MTX. (HPLC conditions: C18 column, 

Isocratic mode PBS/CH3CN (80:20), 0.6 mL/min, 10 µL of sample 

injected, λRTX: 264 nm, λPTX: 250 nm; λMTX: 303 nm). 

Analysis of RTX, PTX and MTX released from NP-SQ1 

and NP-SQ2. To perform this analysis, the loaded NP-SQ1 or NP-

SQ2 were dispersed in 1 mL of PBS buffer (pH=7.4) and incubated 

at 37 oC for 24, 48, 72 or 96 h respectively under continuous 

stirring. The same experiment was performed adjusting the pH at 

4.0. The nanoparticles were then isolated with a magnet and washed 

once with PBS. The resulting solution was filtered and analyzed by 

HPLC to determine the concentration of RTX, PTX or MTX, (HPLC 

conditions: C18 column, Isocratic mode PBS/CH3CN (80:20), 0.6 

mL/min, 10 µL of sample injected, λRTX: 264 nm, λPTX: 250 nm, 

λMTX: 303 nm). 

Cell Culture  

Cell culture and treatments. 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/mL penicillin and 

100 µg/mL streptomycin. Tissue culture medium and supplements 

were purchased from LabClinics S.A. (Barcelona, Spain). When the 

cells reached 60-70% confluence, vehicle, Raltitrexed (RTX), 

Pemetrexed (PTX), NP-APTES, NP-APTES-RTX, NP-APTES-

PTX, NP-SQ1, NP-SQ1-RTX, NP-SQ1-PTX, NP-SQ1-MTX, NP-

SQ2, NP-SQ2-RTX, NP-SQ2-PTX or NP-SQ2-MTX were added to 

the medium for 24 - 96 h. Stock solutions of RTX and PTX were 

prepared at 1 mM in phosphate-buffered saline (PBS). Stock 

solutions of all nanoparticles were prepared at 1 mgFe/mL in 

phosphate-buffered saline (PBS). 

Intracellular Uptake of NP-APTES-RTX and NP-APTES-PTX. 
A549 cells were plated in 12-well plates at a density of 75 x 103 per 

well in 1.5 mL of growth medium without folic acid (Invitrogen, 

S.S., Barcelona, Spain) and grown for 24 h. To quantify the cellular 

uptake, cells were exposed to NP-APTES-RTX and NP-APTES-

PTX (0.01 mg Fe/mL) for 24 h. After treatment, cells were washed 

twice with 1 mL of Versene solution and three times with 1 mL of 

PBS. The cells were detached with 0.25% trypsin-EDTA, 

centrifuged and resuspended in 1 mL of PBS supplemented with 

10% FBS. 10 µL of the cell suspension was used to count cell 

number of cell in a Neubauer chamber. The remaining suspension 

was treated with 100 µL of concentrated HCl and incubated for 1 h 

at 70oC. Finally, the intracellular iron concentration was determined 

by inductively coupled plasma atomic emission (ICP-AES) 

spectroscopy. 

Cell culture and Survival/Viability. A549 cells were plated in 

96-well plates at a density of 4.5 x 103 per 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), PTX (10-1000 nM), NP-

APTES-RTX and NP-APTES-PTX (0.001-0.01 mg Fe/mL), NP-

SQ1, NP-SQ1-RTX, NP-SQ1-PTX, NP-SQ1-MTX, NP-SQ2, NP-

SQ2-RTX, NP-SQ2-PTX and NP-SQ2-MTX (0.001-1 mg Fe/mL) 

for 24, 48, 72 or 96 h. After treatment, the viability of the cells was 

measured using the methylthiazoletetrazolium (MTT) method, as 

previously described by Mosmann.17 Absorbance was measured at 

590/650 nm on an ELISA plate reader (AsysHitech GmbH, Austria). 

The mean percentage of cell survival relative to that of vehicle-

treated cells was calculated from data of three individual 

experiments performed by triplicate. The results are expressed as the 

mean ± S.E.M. One-way analysis of variance (ANOVA) followed by 

Newman-Keuls multiple comparison test was used for statistical 

evaluations. Differences were considered statistically significant at 

P< 0.05.  

Conclusions 

In summary four different iron oxide nanoparticles were 

synthesized and characterized for the delivery of antifolates into 

cancer cells. These drugs were bound to the nanoparticles by 

covalent bonding and non-covalent interactions. The cytotoxic 

assays with A549 cells showed that only one covalent 

antifolate-functionalized nanoparticle strongly inhibited the 

viability of these cancer cells. 
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