
Synthesis and characterization of new methotrexate derivatives containing divalent cations and their evaluation 
as bioactive compounds for musculoskeletal regeneration

Daniel Fernández-Villa1,2, Rosa Ana Ramírez1,2, Inmaculada Aranaz3, Niuris Acosta3, Blanca Vázquez-Lasa1,2, Luis 
Rojo1,2

1Instituto de Ciencia y Tecnología de Polímeros, Consejo Superior de Investigaciones Científicas, CSIC, Spain
2Consorcio Centro de Investigación Biomédica en Red de Bioingeniería, Biomateriales y Nanomedicina, Spain

3Instituto de Estudios Biofuncionales, Departamento de Química en Ciencias Farmacéuticas, Facultad de Farmacia, 
Universidad Complutense de Madrid, Spain

rojodelolmo@ictp.cisc.es

INTRODUCTION
Methotrexate (MTX) is considered as the first line treatment for rheumatoid arthritis (RA) due to its effectiveness, 
tolerability and reduced price1. However, the complete regeneration of the damaged joints after the treatment is yet to be 
achieved2. In this regard, divalent cations such as strontium, zinc and magnesium have been shown to promote 
musculoskeletal regeneration processes and can be easily coordinated with MTX providing synergic therapeutic 
activities3. For these reasons, the main objectives of the present work were synthesizing and characterizing by different
physicochemical techniques novel methotrexate derivatives containing these divalent cations (M-MTX). In addition, 
some of these compounds were tested in vitro to analyse their potential use as musculoskeletal regenerative drugs. 
Finally, polymeric encapsulation and vehiculization of these drugs was performed.

EXPERIMENTAL METHODS
Three different methotrexate derivatives where synthesized following a previously described analogous methodology for 
folate derivatives: strontium-, zinc- and magnesium-methotrexate derivatives4 (Fig. 1). The compounds were 
physicochemically characterized by ATR-FTIR, DSC, TGA, EDS and XRD. In addition, cytotoxicity of the different 
drugs was analysed  in Raw264.7 cells and primary human chondrocytes-articular cultures by the alamar blue assay. 
Glycosaminoglycans deposition by M-MTX-treated chondrocytes was measured by the dimethylmethylene blue method.
Anti-inflammatory properties of the synthesized compounds were studied by the Griess assay measuring NO release by
LPS-activated macrophages. Furthermore, polymeric microparticles were synthesized by double emulsion followed by 
spray drying and their morphology, size dispersion and encapsulation efficacies were determined by SEM, Coulter and 
spectrophotometrically methods. 

RESULTS AND DISCUSSION
All the compounds were successfully synthesized in 
high yields (>95%) with no other co-precipitates. The 
obtained characterization results demonstrated a higher 
thermal stability of the complexes when compared with 
non-coordinated methotrexate due to the monodentate 
bond coordination between the methotrexate moiety and 
the cations.
Secondly, in vitro cell studies performed with methotrexate derivatives showed that 
zinc could prevent the methotrexate-related cytotoxic effects at determined doses in 
chondrocytes as well as it could decrease nitric oxide production by pro-
inflammatory stimulated macrophages. On the other hand, strontium slightly 
increased the glycosaminoglycans deposition in the matrix while its cytotoxicity did 
not significantly vary when compared with non-complexed methotrexate. Finally, 
spray-dried microparticles containing methotrexate derivatives were synthesized 
(Fig. 2) achieving encapsulation efficacies above 70%. MTX derivatives were
released within three days through a mechanism based on opened particles. 

CONCLUSION
In conclusion, this work serves as a proof-of-concept for future studies focused on musculoskeletal regeneration due to 
use of methotrexate bearing bioactive divalent cations and their interesting biological properties and their possibility to be 
encapsulated in microparticles. 
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M = Sr, Zn or Mg

Fig 1. Scheme of the reaction conditions for methotrexate-derivatives syntheses.

Fig 2. SrMTX-loaded spray-dried microparticles.


