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Abstract

Background/Objectives: Superparamagnetic iron-oxide nanoparticles (SPIONs) bearing
poly(methacrylate) brushes were synthesized via surface-initiated atom-transfer radical
polymerization (SI-ATRP) as magnetically responsive nanoplatforms. Three brush ar-
chitectures, poly(2-hydroxyethyl methacrylate) (PHEMA) and poly(poly(ethylene glycol)
methacrylate) with six ethylene-oxide units (PPEGMA6) and ten units (PPEGMA10), were
grown from a dopamine-anchored initiator and covalently loaded with methotrexate (MTX).
Methods: Physicochemical characterization confirmed successful polymer grafting, tunable
hydrodynamic size (185–1320 nm before MTX conjugation and 427–694 nm after), retained
superparamagnetic properties (22–69 emu g−1), and high drug payloads, with PPEGMA6
achieving 131 µg mg−1. MTX conjugation induced partial compaction of the polymer
shell yet maintained ζ-potentials conducive to colloidal stability. Results: In vitro assays
showed negligible toxicity toward primary human fibroblasts, whereas MTX-decorated
formulations induced a pronounced concentration-dependent cytotoxic effect in MCF-7
breast cancer cells, reaching 69% loss of viability—significantly higher than free MTX.
Structure–activity analysis attributes the superior performance of PPEGMA6-MTX to its
balanced brush density, high payload, and favorable surface charge. Conclusions: These
findings demonstrate that precise modulation of polymer brush architecture via SI-ATRP
yields SPION-based nanocarriers that integrate MRI visibility and the potential for mag-
netic guidance and targeted chemotherapy. The PPEGMA6-MTX construct is highlighted
as a promising platform for future preclinical investigations.

Keywords: magnetic nanoparticles; surface-initiated atom transfer radical polymerization
(SI-ATRP); polymer; drug; breast-cancer cells

Pharmaceutics 2026, 18, 691 https://doi.org/10.3390/pharmaceutics18060691

https://crossmark.crossref.org/dialog?doi=10.3390/pharmaceutics18060691&domain=pdf&date_stamp=2026-06-01
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://orcid.org/0000-0001-6540-9163
https://orcid.org/0000-0002-1280-9515
https://orcid.org/0000-0002-4813-9162
https://orcid.org/0000-0002-4021-982X
https://orcid.org/0000-0002-6629-6460
https://orcid.org/0000-0001-5581-4624
https://doi.org/10.3390/pharmaceutics18060691


Pharmaceutics 2026, 18, 691 18 of 21

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Patra, J.K.; Das, G.; Fraceto, L.F.; Campos, E.V.R.; Rodriguez-Torres, M.d.P.; Acosta-Torres, L.S.; Diaz-Torres, L.A.; Grillo, R.;
Swamy, M.K.; Sharma, S.; et al. Nano Based Drug Delivery Systems: Recent Developments and Future Prospects. J. Nanobiotechnol.
2018, 16, 71. [CrossRef] [PubMed]

3. Ali, A.; Shah, T.; Ullah, R.; Zhou, P.; Guo, M.; Ovais, M.; Tan, Z.; Rui, Y. Review on Recent Progress in Magnetic Nanoparticles:
Synthesis, Characterization, and Diverse Applications. Front. Chem. 2021, 9, 629054. [CrossRef] [PubMed]

4. Anghelache, M.; Turtoi, M.; Petrovici, A.R.; Fifere, A.; Pinteala, M.; Calin, M. Development of Dextran-Coated Magnetic
Nanoparticles Loaded with Protocatechuic Acid for Vascular Inflammation Therapy. Pharmaceutics 2021, 13, 1414. [CrossRef]

https://doi.org/10.3390/pharmaceutics18060691

https://www.mdpi.com/article/10.3390/pharmaceutics18060691/s1
https://www.mdpi.com/article/10.3390/pharmaceutics18060691/s1
https://doi.org/10.3390/pharmaceutics18060691


Pharmaceutics 2026, 18, 691 19 of 21

5. Lungoci, A.-L.; Turin-Moleavin, I.-A.; Corciova, A.; Mircea, C.; Arvinte, A.; Fifere, A.; Marangoci, N.L.; Pinteala, M. Multi-
functional Magnetic Cargo-Complexes with Radical Scavenging Properties. Mater. Sci. Eng. C 2019, 94, 608–618. [CrossRef]

6. Durdureanu-Angheluta, A.; Uritu, C.M.; Coroaba, A.; Minea, B.; Doroftei, F.; Calin, M.; Maier, S.S.; Pinteala, M.; Simionescu, M.;
Simionescu, B.C. Heparin-Anthranoid Conjugates Associated with Nanomagnetite Particles and Their Cytotoxic Effect on Cancer
Cells. J. Biomed. Nanotechnol. 2014, 10, 131–142. [CrossRef]

7. Materón, E.M.; Miyazaki, C.M.; Carr, O.; Joshi, N.; Picciani, P.H.S.; Dalmaschio, C.J.; Davis, F.; Shimizu, F.M. Magnetic
Nanoparticles in Biomedical Applications: A Review. Appl. Surf. Sci. Adv. 2021, 6, 100163. [CrossRef]

8. Mohammadzadeh, A.; Javanbakht, S.; Mohammadi, R. Magnetic Alginate Core-Shell Nanoparticles Based on Schiff-Base Imine
Bonding for PH-Responsive Doxorubicin Delivery System. Colloids Surf. A Physicochem. Eng. Asp. 2024, 697, 134473. [CrossRef]

9. Radwan, A.M.; El-Atrash, A.; Elkholy, M.; Nawar, N.F.; Tousson, E.; Ghoneim, A.I. In Vivo Antitumor Activity of Doxorubicin
Loaded on Chitosan Functionalized Pb2Mn2Fe12O22 Magnetic Nanoparticles. Sci. Rep. 2025, 15, 34313. [CrossRef]

10. Ansar, R.; Jahan, Z.; Niazi, M.B.K.; Bandyopadhyay, S. Magnetically Controlled Nanoparticles for Paclitaxel Release from Polymer
Encapsulated Iron Oxide Nanoparticles Fabricated via Flash Nanoprecipitation. Colloids Surf. A Physicochem. Eng. Asp. 2025,
721, 137106. [CrossRef]

11. Manjusha, V.; Rajeev, M.R.; Anirudhan, T.S. Magnetic Nanoparticle Embedded Chitosan-Based Polymeric Network for the
Hydrophobic Drug Delivery of Paclitaxel. Int. J. Biol. Macromol. 2023, 235, 123900. [CrossRef] [PubMed]

12. Nowak-Jary, J.; Płóciennik, A.; Machnicka, B. Functionalized Magnetic Fe3O4 Nanoparticles for Targeted Methotrexate Delivery
in Ovarian Cancer Therapy. Int. J. Mol. Sci. 2024, 25, 9098. [CrossRef] [PubMed]

13. Baqeri, N.; Shahsavari, S.; Dahouee, I.A.; Shirmard, L.R. Design of Slow-Release Methotrexate Drug Delivery System Using PHBV
Magnetic Nanoparticles and Evaluation of Its Cytotoxicity. J. Drug Deliv. Sci. Technol. 2022, 77, 103854. [CrossRef]

14. Abobaker, M.; Govender, M.; Choonara, Y.E. Co-Formulation of Iron Oxide and PLGA Nanoparticles to Deliver Curcumin and
IFNα for Synergistic Anticancer Activity in A375 Melanoma Skin Cancer Cells. Pharmaceutics 2025, 17, 860. [CrossRef]

15. Vijayalakshmi, K.; Kavitha, A.L.; Ayyanaar, S. A Novel Synthetic Polymer Platform for the Eco-Friendly Fabrication of Magnetic
Iron Oxide Nanoparticles as Targeted Drug Delivery Agents in Cancer Therapy. Inorg. Chem. Commun. 2025, 180, 114990.
[CrossRef]

16. Minko, S. Grafting on Solid Surfaces: “Grafting to” and “Grafting from” Methods. In Polymer Surfaces and Interfaces; Springer:
Berlin/Heidelberg, Germany, 2008; pp. 215–234.

17. Khabibullin, A.; Mastan, E.; Matyjaszewski, K.; Zhu, S. Surface-Initiated Atom Transfer Radical Polymerization. In Controlled
Radical Polymerization at and from Solid Surfaces; Springer: Cham, Switzerland, 2015; pp. 29–76.

18. Matyjaszewski, K. Atom Transfer Radical Polymerization (ATRP): Current Status and Future Perspectives. Macromolecules 2012,
45, 4015–4039. [CrossRef]

19. Zoppe, J.O.; Cavusoglu Ataman, N.; Mocny, P.; Wang, J.; Moraes, J.; Klok, H.-A. Correction to Surface-Initiated Controlled Radical
Polymerization: State-of-the-Art, Opportunities, and Challenges in Surface and Interface Engineering with Polymer Brushes.
Chem. Rev. 2017, 117, 4667. [CrossRef]

20. Barbey, R.; Lavanant, L.; Paripovic, D.; Schüwer, N.; Sugnaux, C.; Tugulu, S.; Klok, H.-A. Polymer Brushes via Surface-Initiated
Controlled Radical Polymerization: Synthesis, Characterization, Properties, and Applications. Chem. Rev. 2009, 109, 5437–5527.
[CrossRef]

21. Marikovsky, Y. Distribution of Surface Charge and Concanavalin A-Binding Sites on Normal and Malignant Transformed Cells.
Exp. Cell Res. 1974, 89, 359–367. [CrossRef]

22. Khan, Z.A.; Tripathi, R.; Mishra, B. Methotrexate: A Detailed Review on Drug Delivery and Clinical Aspects. Expert Opin. Drug
Deliv. 2012, 9, 151–169. [CrossRef]

23. Farber, S.; Diamond, L.K.; Mercer, R.D.; Sylvester, R.F.; Wolff, J.A. Temporary Remissions in Acute Leukemia in Children Produced
by Folic Acid Antagonist, 4-Aminopteroyl-Glutamic Acid (Aminopterin). N. Engl. J. Med. 1948, 238, 787–793. [CrossRef]

24. Michael, E. Weinblatt Methotrexate in Rheumatoid Arthritis: A Quarter Century of Development. Trans. Am. Clin. Climatol. Assoc.
2013, 124, 16–25.

25. Yang, V.; Gouveia, M.J.; Santos, J.; Koksch, B.; Amorim, I.; Gärtner, F.; Vale, N. Breast Cancer: Insights in Disease and Influence of
Drug Methotrexate. RSC Med. Chem. 2020, 11, 646–664. [CrossRef] [PubMed]

26. Cronstein, B.N. The mechanism of action of methotrexate. Rheum. Dis. Clin. N. Am. 1997, 23, 739–755. [CrossRef] [PubMed]
27. Cheung, A.; Bax, H.J.; Josephs, D.H.; Ilieva, K.M.; Pellizzari, G.; Opzoomer, J.; Bloomfield, J.; Fittall, M.; Grigoriadis, A.; Figini, M.;

et al. Targeting Folate Receptor Alpha for Cancer Treatment. Oncotarget 2016, 7, 52553–52574. [CrossRef]
28. Nakashima-Matsushita, N.; Homma, T.; Yu, S.; Matsuda, T.; Sunahara, N.; Nakamura, T.; Tsukano, M.; Ratnam, M.; Matsu-yama,

T. Selective Expression of Folate Receptor? And Its Possible Role in Methotrexate Transport in Synovial Macrophages from
Patients with Rheumatoid Arthritis. Arthritis Rheum. 1999, 42, 1609–1616. [CrossRef]

29. Avendaño, C.; Carlos Menéndez, J. Medicinal Chemistry of Anticancer Drugs, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2015.

https://doi.org/10.3390/pharmaceutics18060691

https://doi.org/10.1016/j.msec.2018.10.013
https://doi.org/10.1166/jbn.2014.1690
https://doi.org/10.1016/j.apsadv.2021.100163
https://doi.org/10.1016/j.colsurfa.2024.134473
https://doi.org/10.1038/s41598-025-20184-6
https://doi.org/10.1016/j.colsurfa.2025.137106
https://doi.org/10.1016/j.ijbiomac.2023.123900
https://www.ncbi.nlm.nih.gov/pubmed/36870643
https://doi.org/10.3390/ijms25169098
https://www.ncbi.nlm.nih.gov/pubmed/39201784
https://doi.org/10.1016/j.jddst.2022.103854
https://doi.org/10.3390/pharmaceutics17070860
https://doi.org/10.1016/j.inoche.2025.114990
https://doi.org/10.1021/ma3001719
https://doi.org/10.1021/acs.chemrev.7b00093
https://doi.org/10.1021/cr900045a
https://doi.org/10.1016/0014-4827(74)90801-5
https://doi.org/10.1517/17425247.2012.642362
https://doi.org/10.1056/NEJM194806032382301
https://doi.org/10.1039/D0MD00051E
https://www.ncbi.nlm.nih.gov/pubmed/33479665
https://doi.org/10.1016/S0889-857X(05)70358-6
https://www.ncbi.nlm.nih.gov/pubmed/9361153
https://doi.org/10.18632/oncotarget.9651
https://doi.org/10.1002/1529-0131(199908)42:8%3C1609::AID-ANR7%3E3.0.CO;2-L
https://doi.org/10.3390/pharmaceutics18060691


Pharmaceutics 2026, 18, 691 20 of 21

30. Nosrati, H.; Salehiabar, M.; Davaran, S.; Danafar, H.; Manjili, H.K. Methotrexate-Conjugated L-Lysine Coated Iron Oxide Magnetic
Nanoparticles for Inhibition of MCF-7 Breast Cancer Cells. Drug Dev. Ind. Pharm. 2018, 44, 886–894. [CrossRef]

31. Gupta, J.; Bhargava, P.; Bahadur, D. Methotrexate Conjugated Magnetic Nanoparticle for Targeted Drug Delivery and Thermal
Therapy. J. Appl. Phys. 2014, 115, 17B516. [CrossRef]

32. Kohler, N.; Sun, C.; Fichtenholtz, A.; Gunn, J.; Fang, C.; Zhang, M. Methotrexate-Immobilized Poly(Ethylene Glycol) Magnetic
Nanoparticles for MR Imaging and Drug Delivery. Small 2006, 2, 785–792. [CrossRef]

33. Kohler, N.; Sun, C.; Wang, J.; Zhang, M. Methotrexate-Modified Superparamagnetic Nanoparticles and Their Intracellular Uptake
into Human Cancer Cells. Langmuir 2005, 21, 8858–8864. [CrossRef]

34. Li, M.; Neoh, K.-G.; Wang, R.; Zong, B.-Y.; Tan, J.Y.; Kang, E.-T. Methotrexate-Conjugated and Hyperbranched Polyglycer-
ol-Grafted Fe3O4 Magnetic Nanoparticles for Targeted Anticancer Effects. Eur. J. Pharm. Sci. 2013, 48, 111–120. [CrossRef]
[PubMed]

35. Guimarães, D.; Noro, J.; Loureiro, A.; Lager, F.; Renault, G.; Cavaco-Paulo, A.; Nogueira, E. Increased Encapsulation Efficiency of
Methotrexate in Liposomes for Rheumatoid Arthritis Therapy. Biomedicines 2020, 8, 630. [CrossRef] [PubMed]

36. Guimarães, D.; Lager, F.; Renault, G.; Guezguez, J.; Burnet, M.; Cunha, J.; Cavaco-Paulo, A.; Nogueira, E. Folate-Targeted
Liposomal Formulations Improve Effects of Methotrexate in Murine Collagen-Induced Arthritis. Biomedicines 2022, 10, 229.
[CrossRef] [PubMed]

37. Zhao, Y.; Zheng, H.; Wang, X.; Zheng, X.; Chen, Y.; Fei, W.; Zheng, Y.; Wang, W.; Zheng, C. Enhanced Percutaneous Delivery
of Methotrexate Using Micelles Prepared with Novel Cationic Amphipathic Material. Int. J. Nanomed. 2020, 15, 3539–3550.
[CrossRef] [PubMed]

38. Carrillo-Castillo, T.D.; Castro-Carmona, J.S.; Luna-Velasco, A.; Zaragoza-Contreras, E.A. PH-Responsive Polymer Micelles for
Methotrexate Delivery at Tumor Microenvironments. e-Polymers 2020, 20, 624–635. [CrossRef]

39. Li, S.; Sun, Z.; Meng, X.; Deng, G.; Zhang, J.; Zhou, K.; Li, W.; Zhou, L.; Gong, P.; Cai, L. Targeted Methotrexate Prodrug
Conjugated With Heptamethine Cyanine Dye Improving Chemotherapy and Monitoring Itself Activating by Dual-Modal
Imaging. Front. Mater. 2018, 5, 35. [CrossRef]

40. Mohammed, M.O.; Alkubaisi, H.M.M.; Haj, N.Q. A New Prodrug and Bioactivity Evaluation of Methotrexate Based on Chitosan.
Heliyon 2020, 6, e04223. [CrossRef]

41. Ghiarasim, R.; Simionescu, N.; Coroaba, A.; Uritu, C.M.; Marangoci, N.L.; Ibanescu, S.-A.; Pinteala, M. SI-ATRP Decoration of
Magnetic Nanoparticles with PHEMA and Post-Polymerization Modification with Folic Acid for Tumor Cells’ Specific Targetting.
Int. J. Mol. Sci. 2021, 23, 155. [CrossRef]

42. Tugulu, S.; Silacci, P.; Stergiopulos, N.; Klok, H.-A. RGD—Functionalized Polymer Brushes as Substrates for the Integrin Specific
Adhesion of Human Umbilical Vein Endothelial Cells. Biomaterials 2007, 28, 2536–2546. [CrossRef]

43. Zhou, Y.; Wang, S.; Ying, X.; Wang, Y.; Geng, P.; Deng, A.; Yu, Z. Doxorubicin-Loaded Redox-Responsive Micelles Based on
Dextran and Indomethacin for Resistant Breast Cancer. Int. J. Nanomed. 2017, 12, 6153–6168. [CrossRef]

44. Ghiarasim, R.; Tiron, C.E.; Tiron, A.; Dimofte, M.G.; Pinteala, M.; Rotaru, A. Solid-Phase Synthesized Co-polymers for the
Assembly of pH-Sensitive Micelles Suitable for Drug Delivery Applications. Nanomaterials 2022, 12, 1798. [CrossRef]

45. Attari, E.; Nosrati, H.; Danafar, H.; Kheiri Manjili, H. Methotrexate Anticancer Drug Delivery to Breast Cancer Cell Lines by Iron
Oxide Magnetic Based Nanocarrier. J. Biomed. Mater. Res. A 2019, 107, 2492–2500. [CrossRef] [PubMed]

46. Shameli, K.; Bin Ahmad, M.; Jazayeri, S.D.; Sedaghat, S.; Shabanzadeh, P.; Jahangirian, H.; Mahdavi, M.; Abdollahi, Y. Synthesis
and Characterization of Polyethylene Glycol Mediated Silver Nanoparticles by the Green Method. Int. J. Mol. Sci. 2012, 13,
6639–6650. [CrossRef]

47. Wang, X.; Niessner, R.; Knopp, D. Magnetic Bead-Based Colorimetric Immunoassay for Aflatoxin B1 Using Gold Nanoparticles.
Sensors 2014, 14, 21535–21548. [CrossRef]

48. Rajendran, K.; Balakrishnan, G.S.; Kalirajan, J. Synthesis of Magnetite Nanoparticles for Arsenic Removal from Ground Water
Pond. Int. J. PharmTech Res. 2015, 8, 670–677.
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