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Abstract

:

The purpose of this research is to design nanocomposite materials for biomedical applications. New conjugates of PEG derivatives of RGD peptides and magnetic nanoparticles, based on Fe3O4 (MNPs) with silica coating covalently labelled with fluorescent dye Cyanine5, were obtained. It was shown that a higher loading level of RGD peptides occurred in the case of MNPs with SiO2/aminopropylsilane coating, synthesised using N-(phosphonomethyl)iminodiacetic acid (PMIDA) as a surfactant. To confirm the structure and chemical purity of the new RGD-PEG conjugate, a number of methods were used, including 1H NMR, HRMS, and RP-HPLC. The characterisation of MNPs was carried out using the following physical methods: TEM, FTIR, EDX, CHN analysis, DLS, fluorescence spectrometry, vibration magnetometry, and relaxometry. Samples obtained from PMIDA-stabilised MNPs contained a greater amount of the peptide and possessed better hydrodynamic characteristics than samples obtained from non-stabilised MNPs. A comparative study of the MNP cytotoxicity was carried out towards 4T1 and MDA-MB231 cell lines (MTT test), and the possibility of cell labelling was assessed. The cellular uptake was more efficient for nanoconjugates obtained without PMIDA. The data obtained can be used for the design of materials for cell labelling and visualisation.
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1. Introduction


Currently, magnetic nanoparticles (MNPs) are actively applied in the development of multimodal systems used in various medical and biological approaches [1,2,3,4], such as therapy [5,6,7,8,9] and cancer diagnostics using MRI, MPI, etc. [10,11,12,13], cell labelling, including implementation of cell tracking, visualisation [14,15,16], sorting [17,18,19], as well as other biological engineering approaches.



Often, to increase the efficiency of accumulation of such nanoconjugates in tumour cells and tissues, targeting peptide molecules are introduced into their composition [20,21,22], in particular, the RGD peptides [23,24,25,26,27], which are known to be capable of specific binding with integrins αVβ3 and αVβ5, overexpressed on the tumour cell surface [28,29,30]. Dong X. et al. performed molecular dynamics simulations of the interaction of RGD peptides with αVβ3 molecules and demonstrated specific binding sites involving the COOH group of L-aspartic acid in the protein and the guanidine group of L-arginine in the RGD peptide molecule [31]. This indicated that the guanidine group of the L-arginine in the peptides widely used in the nanomaterial design should remain free to ensure specific identification of integrins and, accordingly, to maintain the high efficiency of these nanomedicines. Therefore, an important task in the design of conjugates of RGD peptide derivatives is the development of an approach to regioselective binding of the peptide to the functional groups of the MNP surface, without the participation of the guanidine group of L-arginine in the synthesis. There are several approaches to the immobilisation of peptides and, in particular, RGD peptide derivatives on the surface of MNPs [32]. As a rule, covalent bonding of surface functional groups of MNPs with free functional groups of peptide derivatives is used for these purposes, for example, due to an amide bond formation between the COOH and NH2 groups [24,25,26,27], a thioether bond formation as a result of the reaction of the maleimide group with the mercapto group [33,34,35,36,37], or through the Cu2+-catalysed cycloaddition of azides with terminal alkynes (“click chemistry”) [23].



It is known that poly(ethylene glycol) (PEG) molecules provide additional stabilisation of colloidal solutions of nanoparticles, as well as a “stealth effect” in relation to the monocyte–macrophage system in the case of introducing particles into the bloodstream, and they are used in the design of modern nano-formulations [38,39]. Therefore, PEG molecules are often used as linkers in nanomaterials based on MNPs and peptides. Thus, in [24], a conjugate of thiolated RGD peptides with a bifunctional PEG molecule containing a maleimide and amino group at the ends was synthesised. It was then used to modify the surface of sodium-citrate-stabilised MNPs. In another work [33], on the contrary, the surface of MNPs was first modified with diphosphate-PEG molecules containing a maleimide group, and then conjugation with thiolated RGD peptides was carried out. In [37], SiO2-covered MNPs with a PEG coating were similarly conjugated with c(RGDfC) due to nucleophilic addition of the L-cysteine thiol group of RGD peptides to the maleimide moiety of PEG.



In order to obtain new materials of interest for the development of cancer diagnostic tools using MRI or for tumour cell labelling, a convenient approach to conjugation of RGD peptides with MNPs via PEG-linkage is proposed. For this purpose, a novel PEG-containing derivative of RGD peptides was obtained, which was then covalently fixed on the surface of Fe3O4 MNPs coated with SiO2. It is known that the use of surfactants before applying SiO2 significantly affects the properties of the coating. It increases the coating area and the number of active centres on it, which leads to an improvement in the efficiency of immobilisation of organic molecules on the resulting material [36]. Therefore, in this work, a comparison of the loading level of PEG derivatives of RGD peptides on nanoparticles obtained without surfactants, using N-(phosphonomethyl)iminodiacetic acid (PMIDA), was carried out. Additional objectives of the study were to investigate the in vitro cytotoxicity of synthesised MNPs and to assess the possibility of cell labelling.




2. Materials and Methods


2.1. Materials


FeSO4·7H2O and FeCl3·6H2O (Sigma-Aldrich, St. Louis, MO, USA), (3-aminopropyl)trimethoxysilane (APTMS; Alfa Aesar, Heysham, Lancashire, UK), tetraethoxysilane (TEOS; Alfa Aesar, Heysham, Lancashire, UK), N-(phosphonomethyl)iminodiacetic acid (PMIDA; Sigma-Aldrich, St. Louis, MO, USA), O-[carboxypropyl]-O′-[3-(N-hydroxysuccinimidyloxy)-3-oxopropyl]pentacosaethylene glycol (PEG-NHS; Quanta Biodesign, Plain city, OH, USA), and di-tert-butyl (L,L)-(Nα-4-carboxybutanoyl-Nω-Pbf-arginyl)-glycyl-aspartate (Arg(Pbf)GlyAsp(OBut)2) [40,41] were used.




2.2. Synthesis of MNPs


2.2.1. Synthesis of Initial Nanoparticles (MNPs 1 and 2)


A saturated solution of NH3·H2O (6 mL) was infused to 50 mL of an aqueous solution of FeCl3·6H2O (1167.4 mg, 4.32 mmol) and FeSO4·7H2O (600.4 mg, 2.16 mmol) at 40 °C (in accordance with [36]). After 10 min of stirring, the MNPs 1 were collected using a permanent magnet, washed with distilled water (3 × 40 mL), and diluted with water up to 50 mL. Then, MNPs 1 were modified with PMIDA (as described in [36]): 30 mL of PMIDA solution (26.5 mg, 0.117 mmol) in distilled water was infused to 25 mL of colloidal solution of MNPs 1 (270 mg, 1.166 mmol) at 40 °C. After 4 h of stirring at 40 °C and incubating for another 16 h at 20 °C, MNPs 2 (55 mL, 5.45 mg/mL) were obtained.




2.2.2. Application of SiO2 Coating on MNPs (MNPs 3–5) and Their Aminopropylsilane Functionalisation (MNPs 6 and 7)


Colloidal solutions of MNPs 1 or 2 (0.245 g) in water (50 mL) were diluted with EtOH (125 mL) and heated up to 40 °C. Thereafter, a solution of TEOS (355 µL, 1.59 mmol) in EtOH (10 mL) was infused and a saturated solution of NH3·H2O (3.5 mL) was introduced drop-by-drop over 10 min [36]. Stirring was continued for 4 h at 40 °C and for another 16 h at 20 °C. MNPs were precipitated in a centrifuge at 40,000× g for 30 min and washed with distilled water (3 × 60 mL) until a neutral reaction occurred. The obtained MNPs were suspended in 30 mL of H2O, and colloidal solutions of MNPs-SiO2 3 (9.67 mg/mL) or MNPs-SiO2 4 (8.48 mg/mL), respectively, were obtained. The resulting MNPs-SiO2 3 and 4 were functionalised with APTMS. A solution of APTMS (3 mmol per 1 g of nanoparticles) in EtOH (20 mL) was introduced dropwise to a suspension of 170 mg of MNPs-SiO2 (3 or 4) in 115 mL of EtOH 70% at 40 °C. After 4 h of stirring at 40 °C and for another 16 h at 20 °C, modified MNPs were collected using a permanent magnet, washed with EtOH (50 mL), water (2 × 50 mL), and MeCN (2 × 50 mL), and suspended in dry MeCN (20 mL). As a result, colloidal solutions of MNPs-SiO2-APS 5 (8.62 mg/mL) and 6 (9.56 mg/mL) were obtained.




2.2.3. Synthesis of PEG-RGD Conjugate 6


NHS-PEG(25)-COOH (PEG-NHS; 100 mg, 0.076 mmol) and Arg(Pbf)GlyAsp(OBut)2 (RGD; 54.1 mg, 0.076 mmol) were dissolved in 10 mL of dry CH2Cl2 and incubated for 24 h at 20 °C. The resulting product was purified by flash chromatography using a CHCl3:EtOH system as an eluent with a gradient from 100:0 to 50:50. Then, 139.5 mg (96%) of a white powder of PEG-RGD conjugate 6 was obtained.



1H NMR (500 MHz, DMSO): δ = 11.1–10.0 (br s, 1H (COOH)), 8.19 (t, J = 5.9 Hz, 1H (NH, Gly)), 8.14–8.06 (m, 2H (NH Asp, NH, Arg)), 4.49 (dt, J = 6.4, 6.8 Hz, 1H (CαH, Asp)), 4.20 (dt, J = 7.1, 6.8 Hz, 1H (CαH, Arg)), 3.70 (d, J = 5.9 Hz, 2H (CH2, Gly)), 3.60 (t, J = 6.3 Hz, 2H (N–CO–CH2, PEG)), 3.54–3.46 (m, 104H, PEG)), 3.02 (dt, J = 6.4, 6.3 Hz, 2H (CδH2, Arg)), 2.96 (s, 2H (CH2, Pbf)), 2.64 (dd, J = 6.4, 16.3 Hz, 2H (CβH, Asp)), 2.54 (dd, J = 6.9, 16.5 Hz, 2H (CβH2, Asp)), 2.48 (s, 3H (Aryl CH3, Pbf)), 2.44 (t, J = 6.5 Hz, 2H (HOOC–CH2, PEG)), 2.42 (s, 3H (Aryl CH3, Pbf)), 2.01 (s, 3H (Aryl CH3, Pbf)), 1.68–1.59 (m, 2H (CβH2, Arg)), 1.54–1.44 (m, 2H (CγH2, Arg)), 1.41 (s, 6H (2CH3, Pbf)), 1.39 (s, 9H (OBut, Asp)), 1.38 ppm (s, 9H (OBut, Asp)).



RP-HPLC (Kromasil 100-5 C18; 60% aqueous MeCN; 35 °C; 0.8 mL/min flow rate; detection at 220, 230, 260 nm): retention time 4.59 min.



HRMS (ESI-POS) m/z calculated for C87H159N6O37S [M + H]+: 1912.0460; found: 1912.0444.




2.2.4. Conjugation of RGD with MNPs (MNPs-RGD 7–12) General Procedure


To prepare solution A, HBTU (3.2 mg) and PEG-RGD (16.1 mg), taken in equimolar amounts (8.4 μmol), were dissolved in 2 mL of dry MeCN, and then DIPEA (59 μmol) was added. After 30 min, 1.25, 0.5, and 0.25 mL of solution A (containing 10, 4, and 2 mg of PEG-RGD, respectively) and dry MeCN were added to three flasks containing 20 mg of MNPs-SiO2-APS 5 (or MNPs-SiO2-APS 6) to a total volume of 5 mL in each parallel. The mixtures were sonicated for 15 s. Then, after 20 h, MNPs were precipitated on a permanent magnet, washed with deionised water 3 × 5 mL, and suspended in 2 mL of H2O. The colloidal solutions of MNP-RGD 7–12 with a concentration of 10 mg/mL were obtained.




2.2.5. Synthesis of MNPs-RGD*TFA 13–18 General Procedure


MNPs from 1.0 mL of each sample of MNPs-RGD 7–12 colloidal solutions were precipitated on a permanent magnet, suspended in 1 mL of TFA 95%, sonicated for 15 s, and left for 3 h at 20 °C. MNPs were precipitated using a centrifuge (10,000× g, 10 min), washed with distilled water at 3 × 1 mL, and suspended in H2O to obtain 1 mL of MNPs-RGD*TFA 13–18 colloidal solutions.





2.3. Characterisation of Synthesised Materials


To confirm the structure and chemical purity of the new RGD-PEG conjugate, a number of methods were used, including 1H NMR, HRMS, and RP-HPLC.



NMR spectra of synthesised peptide derivatives and conjugate PEG-RGD were performed on a Bruker Avance 500 (500 MHz, Bruker, Karlsruhe, Germany). Reversed-phase HPLC was realised on an Agilent 1100 (Agilent Technologies, Santa Clara, CA, USA) with a Kromasil 100-5-C18 column (Nouryon, Göteborg, Sweden). High-resolution mass spectra (HRMS) were performed on a Bruker maXis impact HD instrument (Bruker, Karlsruhe, Germany).



The characterisation of MNPs was carried out using the following physical methods: TEM, FTIR, fluorescence spectrometry, EDX, CHN analysis, vibration magnetometry, DLS, and relaxometry.



TEM MNP studies were carried out on a Tecnai G2 30 (Thermo Fisher Scientific, Waltham, MA, USA). The IR spectra were recorded on a Perkin Elmer Spectrum Two FTIR spectrometer (Perkin Elmer, Waltham, MA, USA) equipped with the attenuated total reflection (ATR) accessory (for analysis, MNP sample powder was sprinkled onto a diamond crystal of the ATR accessory and analysed). Mass fractions of C, H, and N were determined using a CHN EuroEA 3000 automatic analyser (EuroVector Instruments and Software, Milan, Italy; the analysis was carried out in two repetitions). Mass fractions of Fe, Si, and P were determined using an EDX-7000 X-ray fluorescence spectrometer (Shimadzu, Kyoto, Japan; the analysis was carried out in two repetitions). Excitation and emission spectra of MNP aqueous colloidal solutions (0.1–0.2 mg/mL) were obtained using a Cary Eclipse fluorescence spectrometer (Agilent, Santa Clara, CA, USA). The magnetic properties of the MNP powders were studied on a magnetic vibromagnetometer with magnetic fields (H) of no more than 25 kOe.



DLS characterisation of aqueous colloidal solutions of synthesised MNPs (0.1–0.2 mg/mL) was performed on a Photocor Compact-Z instrument (Photocor, Moscow, Russia).



The relaxivities r1 and r2 of MNP colloidal solutions were found using a relaxometer (1 kOe, 4.31 MHz, echo 1 ms; ECOTEK Corporation, Houston, TX, USA).




2.4. In Vitro Experiments


To assess MNPs’ cytotoxicity, the MTT assay was used. For this purpose, 4 × 103 4T1 cells (ATCC) or 8 × 103 MDA-MB231 cells (ECACC) were grown in the wells of a 96-well plate. A complete DMEM/F12 (Gibco, Grand Island, NY, USA) supplemented with 10% FBS (Gibco, Paisley, UK), 1× Glutamax (Gibco, Grand Island, NY, USA), and 1× PenStrep (Gibco, Grand Island, NY, USA) was used. On the next day, 10 μL of nanoparticles (suspended in water to a concentration of 500, 250, 125, or 62.5 μg/mL) was added to the cells, and the final volume in the wells was 100 μL. Before addition, the MNP suspension was sonicated. Instead of nanoparticles, 10 μL of 0.01% Triton X100 (PanReac, Barcelona, Spain) was added in the wells of the positive control, and 10 μL of sterile H2O in the wells of the negative control. The cells were incubated with MNPs in a CO2 incubator for 24 or 48 h. The MTT assay was performed as described in [8].



To study the uptake of nanoparticles by cells, 5 × 104 cells were grown in the wells of a 24-well plate in 450 μL of a complete DMEM/F12. The next day, 50 μL of nanoparticles (suspended in water to a concentration of 12.5 μg/mL) was added to the cells. Then, the plates were incubated in a CO2 incubator. General (nonspecific) uptake was accessed in 4 h after MNPs’ addition. To assess the specific uptake of MNPs due to binding to receptors on the cell surface, the incubation with nanoparticles was carried out on ice. Briefly, the plates with cells were preliminarily placed on ice for 30 min; after that, MNPs were added, and the plates were left on ice for 1 h. The medium was discarded, the cells were washed with cold PBS two times to completely remove MNPs, 500 μL of warm complete DMEM/F12 was added, and the cells were incubated for 4 h at 37 °C in a CO2 incubator. To determine the efficiency of MNP uptake, the cells were dissociated from the plate surface using TrypLE (Gibco, Grand Island, NY, USA), resuspended in PBS, and analysed on a flow cytometer, Cytoflex (Beckman Coulter, Suzhou, China). For analysis, a cell population was gated on a two-parameter histogram of FSC-A versus SSC-A; then, doublets were excluded from the analysis on a histogram of SSC-A versus SSC-H. To exclude dead cells from the analysis, DAPI was used. Efficiency of MNP uptake was expressed as the percent of Cy5-positive cells among the population of live cells. For fluorescence microscopy analysis, cells were plated as described above on coverslips pre-coated with poly-L-Lys in a 24-well plate. The cells were incubated with MNPs for 4 or 24 h, then were washed, fixed using 4% paraformaldehyde, permeabilised (0.05% TritonX 100, PanReac, Barcelona, Spain), and stained using Phalloidin-Atto 488 (Thermo Fisher, Eugene, OR, USA). The coverslips were then removed from the wells and transferred to microscope slides. The mounting medium with DAPI—Aqueous, Fluoroshield (Abcam, Waltham, MA, USA)—was used for nuclei staining.





3. Results and Discussion


3.1. MNP Synthesis and Characterisation


In the present study, we used Fe3O4-based MNPs synthesised by the coprecipitation method. For SiO2 coating (Scheme 1), we used both the bare MNPs 1 and 2 stabilised with PMIDA, similar to [12,36]. Silanes were covalent-fixed on the surface of Fe3O4 MNPs due to Fe–O–Si bond formation [42]. This can be confirmed by the presence of absorption bands in the IR spectra in the region of ~560–700 cm−1, which are characteristic of Fe–O stretching of Si–O–Fe bonds [43,44,45,46]. In the spectra of the MNPs synthesised in this work, there were shoulders at ~621 cm−1, which may indicate the Fe–O–Si bond formation (Figure 1). As a result, we obtained MNPs-SiO2 3 and 4, which were then modified with aminopropylsilane residues (APS) to obtain MNPs-SiO2-APS 5 and 6, respectively (Scheme 1). The Fe3O4:SiO2 ratio in all the obtained MNPs, according to energy-dispersive X-ray spectroscopy (EDX) data, was ~67:33 wt.%, and it did not change during the modification (Table 1). During the SiO2 coating of MNP 2, PMIDA desorption was observed. As a result, only ~31% of PMIDA molecules remained on the MNP surface. Further functionalisation of the MNP surface with the APS and the peptide derivative, as well as their treatment with TFA (95%), did not lead to a significant change in the level of PMIDA in the nanoconjugates: ~30% of the amount initially loaded onto MNPs 2 remained on the nanoparticles (Table 1), as evidenced by the results of the phosphorus content analysis by EDX.



We have previously demonstrated the possibility of conjugating RGD peptide derivatives both with APS amino groups fixed directly on the Fe3O4 MNP surface [47] and on the SiO2 coating of nanoparticles [48].



In this work, we performed covalent binding of the Arg(Pbf)GlyAsp(OBut)2 (RGD) tripeptide to the SiO2 surface via a PEG linker (Scheme 1). For this purpose, a novel PEG-containing derivative of the RGD peptide was synthesised in the work. Synthesis of the initial RGD peptide was carried out in accordance with [40,41]. During the synthesis, the functional groups of the peptide were blocked in such a way that they could be deblocked simultaneously at the last stage of the synthesis. Next, the RGD derivative was conjugated with the bifunctional molecule of oligomeric PEG25, containing an activated carboxyl group (Scheme 1).



The obtained PEG derivative was characterised with 1H NMR, HRMS, and HPLC data (Figure S1). In addition to the broad bands at 555–557 cm−1 (Fe–O ν) and 1064–1066, and 954–956 cm−1 (Si–O ν), attributed to the core and shell materials, respectively (Figure 1 and Figures S2 and S3), the absorption bands typical for the peptide were observed in the FTIR spectra of MNPs-RGD 7–12: 1734–1735 cm−1 (C=O ν, COOBut), 1624–1626 cm−1 (C=O ν (amide 1)), 1548–1556 cm−1 (NH δ, N–C=O ν (amide 2), –NH–C(NH)–NH– ν (guanidine group)), and 1448–1455, 1369–1371 cm−1 (C–N ν).



The presence of a free carboxyl group in the PEG molecule further allowed conjugation of the PEG-derived RGD peptide (PEG-RGD) with MNPs-SiO2-APS (5 and 6) using the condensing agent HBTU (Scheme 1). To optimise the synthesis, condensation was carried out at a ratio of MNPs-SiO2-APS:PEG-RGD of 2:1, 5:1, or 10:1, and MNPs-RGD 7–9 and 10–12 were obtained, respectively. Simultaneous removal of But and Pbf groups was carried out in a TFA medium [49,50], and MNPs-RGD*TFA 13–15 and 16–18 with the free guanidine group of L-Arg and carboxyl groups of L-Asp were obtained, respectively (Scheme 1). The presence of the RGD peptide was qualitatively confirmed by FTIR spectroscopy data. As an example, the FTIR spectra of MNPs-RGD 8 and 11 and MNPs-RGD*TFA 14 and 17 are demonstrated in Figure 1.



As can be observed, in the region of 1800–1485 cm−1, the intensity of the bands attributed to the RGD peptide decreased for conjugates obtained using lower amounts of PEG-RGD (Figures S2 and S3). For MNPs-RGD 10–12 obtained on the basis of PMIDA-stabilised MNPs, the intensity of the bands characteristic of the peptide was higher than for MNPs-RGD 7–9. After treatment of MNPs-RGD 7–12 with TFA, the bands at ~1730 cm−1 (COOBut) in the spectra of MNPs-RGD*TFA 13–18 disappeared, but additional bands appeared at 1670 cm−1 (COOH), which may indicate deblocking of the L-Asp carboxyl groups (Figure 1 and Figure S4). The amount of PEG-RGD in the corresponding MNPs-RGD 7–12 was calculated using the CHN elemental analysis and EDX data (Table 1), in accordance with [8,47,48]. An increase in the MNPs-SiO2-APS:PEG-RGD ratio naturally led to a decrease in the amount of peptide in the resulting MNPs. It was shown that MNPs-RGD 10–12 obtained using PMIDA contained large amounts of peptide. The same trends were observed for MNPs-RGD*TFA 13–18.



As an example, TEM images, size distributions (with statistical data), as well as electron diffraction patterns of two types of nanoparticles, MNPs-RGD*TFA 14 and 17, are shown in Figure 2. According to TEM data, the average size of the MNPs obtained was ~12 nm. The core diameter was 9.3 nm (standard deviation 1.9 and median 8.9 nm). The magnetite structure was confirmed by electron diffraction data (card mp-19306, materialsproject.org (accessed on 21 November 2024); Figure 2c,f).



The materials had pronounced magnetic properties, so the saturation magnetisation, Ms, of MNPs-RGD 8 and 11 was 42 and 28 emu/g (coercivity Hc < 1 Oe), correspondingly (Figure 3a).



As is known, the parameter characterising the ability of magnetic materials to exhibit MR contrast properties is relaxivity (r2 and r1). The relaxivity r2 values of colloidal solutions of MNPs-RGD*TFA 14 and 17 were 204 and 200 mmol−1 s−1, respectively (Figure 3b,c), and were higher than the r2 values characteristic of most commercially available drugs (~100 mmol−1 s−1) [51,52,53]. This indicates that these materials can be used as T2-contrast agents.



MNPs-RGD 7–12 rapidly aggregated in an aqueous medium, but after removal of the protective groups from RGD residues, the nanoparticles yielded stable colloidal solutions (Table 2). Colloidal solutions of MNPs-RGD*TFA 16–18 had slightly better hydrodynamic characteristics than solutions of MNPs-RGD*TFA 13–15, which emphasised the stabilising role of PMIDA molecules.



This research demonstrated the possibility of introducing a fluorescent label into the MNPs, using Cyanine5 as an example. It was introduced at the last stage of the synthesis by condensation of free amino groups of APS with the activated ester of Cyanine5-NHS, resulting in MNPs(Cy5)RGD 19 and 20, correspondingly (Scheme 1). For biological experiments, PEG-modified MNPs (MNPs(Cy5)PEG) 21 and 22 (based on MNPs 5 and 6, correspondingly) labelled with Cyanine5 of a similar structure, but not containing the RGD fragment (Scheme 2), were additionally synthesised. The emission spectra of the obtained nanoconjugates 19–22 corresponded to the spectra of the Cyanine5 dye (Figure S5).




3.2. In Vitro Experiments


For the synthesised nanoconjugates 19–22, cytotoxicity (MTT test [54]) was determined on the 4T1 and MDA-MB231 tumour cell lines (Figures S6 and S7). In general, the MNPs decreased cell viability, and in most cases, the cytotoxic effect increased from 24 to 48 h (at 48 h, the proportion of viable cells was about 50% of the initial number).



It Is noteworthy that the cytotoxicity of MNPs depended on the cell type. Thus, for the 4T1 cell line, toxicity reached ~50% at the highest concentrations of MNPs. However, for the human cell line MDA-MB231, toxicity did not exceed 70%, which allowed us to consider MNPs as generally non-toxic [55]. The adverse effect on cell viability may be explained by the ability of MNPs Fe3O4 to induce the reactive oxygen species production in cells [48]. Also, the ability of RGD derivatives to exhibit cytotoxicity against tumour cell lines is well known (for example, Cilengitide (c(RGDf-N(Me)K), which is used to treat glioblastoma [56]).



Effective uptake of the MNPs(Cy5)RGD 19 and 20 by MDA-MB231 cells was demonstrated by flow cytometry (Figure 4). Already after 4 h of incubation with 1.25 μg/mL of MNPs, more than 99.5% of the cells were positive for Cy5 in all samples tested.



To assess the penetration of MNPs(Cy5)RGD into cells via specific binding to surface receptors, the MNPs were added to pre-chilled cells and incubated for 1 h on ice (4 °C) to suppress the uptake of MNPs via nonspecific endocytosis. After incubation, unbounded nanoparticles were removed, and cells were held at 37 °C for 4 h to complete the endocytosis of MNPs bonded to surface receptors. As a result, it was demonstrated that the percentage of cells containing MNPs(Cy5)RGD 19 and 20 was 29 and 9%, respectively. In the presence of serum, the efficiency of MNPs’ uptake decreased and amounted to 10% of cells for 19 and 2% for 20. The observed effect can be attributed to the formation of a protein corona on the nanoparticles’ surfaces [37,57,58,59]. This can be explained either by the effect of PMIDA on the formation of a protein corona around the particles and increased shielding of the RGD peptide, or by the size effect of MNPs. In the case of PMIDA-stabilised MNP 20, serum proteins were likely to be adsorbed onto the MNP surface and, accordingly, shielded the RGD peptides to a greater extent than in the case of MNP 19. This led to significant reduction of MNPs’ interaction with cell surface receptors. On the other hand, the hydrodynamic size of MNP 20 obtained using PMIDA was smaller (Dh 91 nm and PdI 0.14) than the diameter of MNP 19 obtained using bare MNPs (Dh 144 nm and PdI 0.27). It is possible that cells endocytosed larger MNPs to a greater extent. Thus, in this case, the size effect played a predominant role in the process of MNPs’ uptake by cells.



Penetration of MNPs(Cy5)RGD 19 and 20 into MDA-MB231 and 4T1 cell lines was demonstrated by fluorescence microscopy (Figure 5).





4. Conclusions


As a result, a convenient approach to obtaining SiO2/PEG-coated MNPs conjugated with the targeting RGD peptide and Cy5 fluorescent label was proposed. The use of PMIDA-stabilised MNPs can make it possible to obtain MNPs with better hydrodynamic characteristics and with a higher peptide content, in comparison with non-stabilised MNPs. Using MDA-MB231 cells as an example, the ability of the MNPs(Cy5)RGD to internalise the cells was demonstrated. The cellular uptake was more efficient for nanoconjugates obtained without PMIDA. Nevertheless, the MNP accumulation in cells occurred mainly due to nonspecific endocytosis. The formation of a protein corona around the MNPs(Cy5)RGD reduced the efficiency of their cellular uptake. The data obtained can be used in the development of nanomaterials for diagnostics and targeted therapy of oncological diseases, as well as for labelling and visualisation of tumour cells.
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Figure 1. FTIR spectra of MNPs-SiO2-APS 5 and 6 (red line), MNPs-RGD 8 and 11 (blue line), and MNPs-RGD*TFA 14 and 17 (purple line). 
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Scheme 1. Surface modification of MNPs with the RGD-PEG nanoconjugate. 
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Figure 2. TEM images of MNPs-RGD*TFA 14 (a) and 17 (d), their size distributions (b,e), as well as their electron diffraction patterns (c,f), correspondingly. 
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Figure 3. (a) Magnetisation curves of MNPs-RGD 8 and 11. Relaxivities r1 and r2 for MNPs-RGD*TFA (b) 14 and (c) 17. 
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Scheme 2. Synthesis of Fe3O4 MNP conjugates with PEG. 
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Figure 4. MNPs(Cy5)RGD 19 and 20 uptake efficiency by MDA-MB231 cells incubated in (a) complete medium at 37 °C for 4 h (the OY axis shows the fluorescence intensity because the number of Cy5+ cells was ~100%), (b) complete medium for 1 h on ice, removing MNPs, and then left at 37 °C for 4 h, and (c) DMEM/F12 for 1 h on ice, removing MNPs, and then left at 37 °C for 4 h (in figures (b,c), the OY axis shows the % of Cy5+ cells). Data are provided as mean ± SD, n = 4. 






Figure 4. MNPs(Cy5)RGD 19 and 20 uptake efficiency by MDA-MB231 cells incubated in (a) complete medium at 37 °C for 4 h (the OY axis shows the fluorescence intensity because the number of Cy5+ cells was ~100%), (b) complete medium for 1 h on ice, removing MNPs, and then left at 37 °C for 4 h, and (c) DMEM/F12 for 1 h on ice, removing MNPs, and then left at 37 °C for 4 h (in figures (b,c), the OY axis shows the % of Cy5+ cells). Data are provided as mean ± SD, n = 4.



[image: Jcs 08 00486 g004]







[image: Jcs 08 00486 g005] 





Figure 5. Fluorescence microscopy images of cells (MDA-MB231 and 4T1) after being held with MNPs(Cy5)RGD 19 (a,b) and 20 (c,d) in complete DMEM/F12 for 1 h on ice, removal of MNPs, followed by being held at 37 °C for 24 h. Actin fibres of the cells are green (Phalloidin Atto 488), nuclei are blue (DAPI), and MNPs are magenta (Cy5). 
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Table 1. Data on the chemical composition of synthesised nanoparticles.
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MNP Type

	
MNP Number

	
Elemental Content, %

	
Content of Inorganic Components, %

	
Content of Organic Components, μmol/g




	
Fe a

	
Si a

	
P a

	
C b

	
Fe3O4:SiO2 c

	
CPMIDA c

	
CPEG-RGD d






	
MNPs

	
2

	
97.96 ± 0.16

	
0

	
2.04 ± 0.02

	
3.08 ± 0.01

	
-

	
413 ± 4

	
0




	
MNPs-SiO2

	
3

	
77.90 ± 0.46

	
22.10 ± 0.10

	
0

	
-

	
69:31

	
0

	
0




	

	
4

	
75.25 ± 0.09

	
24.09 ± 0.01

	
0.66 ± 0.04

	
1.62 ± 0.01

	
67:33

	
128 ± 9

	
0




	
MNPs-SiO2-APS

	
5

	
76.57 ± 0.35

	
23.43 ± 0.10

	
0

	
1.84 ± 0.02

	
68:32

	
0

	
0




	

	
6

	
74.88 ± 0.02

	
24.48 ± 0.04

	
0.64 ± 0.03

	
2.26 ± 0.04

	
66:34

	
124 ± 5

	
0




	
MNPs-RGD

	
7

	
74.90 ± 0.11

	
25.10 ± 0.41

	
0

	
3.81 ± 0.01

	
66:34

	
0

	
18.9 ± 0.3




	

	
8

	
74.89 ± 0.11

	
25.11 ± 0.37

	
0

	
3.04 ± 0.04

	
66:34

	
0

	
11.4 ± 0.6




	

	
9

	
73.28 ± 0.12

	
26.72 ± 0.35

	
0

	
2.73 ± 0.02

	
64:36

	
0

	
8.5 ± 0.4




	

	
10

	
74.00 ± 0.12

	
25.38 ± 0.07

	
0.62 ± 0.02

	
4.78 ± 0.04

	
65:35

	
115 ± 4

	
24.2 ± 0.8




	

	
11

	
74.06 ± 0.12

	
24.86 ± 0.13

	
0.65 ± 0.04

	
3.91 ± 0.08

	
66:34

	
124 ± 6

	
15.8 ± 1.2




	

	
12

	
75.03 ± 0.12

	
24.33 ± 0.12

	
0.64 ± 0.03

	
3.44 ± 0.08

	
67:33

	
122 ± 6

	
11.3 ± 1.2




	
MNPs-RGD*TFA

	
13

	
76.86 ± 0.14

	
23.14 ± 0.22

	
0

	
3.81 ± 0.03

	
68:32

	
0

	
20.9 ± 0.6




	

	
14

	
76.35 ± 0.14

	
23.65 ± 0.23

	
0

	
3.37 ± 0.04

	
68:32

	
0

	
16.2 ± 0.7




	

	
15

	
76.86 ± 0.13

	
23.14 ± 0.32

	
0

	
2.81 ± 0.37

	
68:32

	
0

	
10.3 ± 4.1




	

	
16

	
73.59 ± 0.12

	
25.75 ± 0.07

	
0.66 ± 0.07

	
4.72 ± 0.10

	
65:35

	
123 ± 13

	
26.2 ± 1.5




	

	
17

	
75.32 ± 0.13

	
24.08 ± 0.07

	
0.60 ± 0.06

	
3.83 ± 0.01

	
67:33

	
115 ± 11

	
16.7 ± 0.5




	

	
18

	
76.16 ± 0.16

	
23.31 ± 0.10

	
0.53 ± 0.04

	
3.88 ± 0.14

	
68:32

	
102 ± 7

	
17.3 ± 2.0








a Received as a result of EDX analysis. b Received as a result of CHN elemental analysis. c EDX data-based assessment. d CHN elemental analysis data-based assessment.













 





Table 2. DLS data.






Table 2. DLS data.





	
MNPs-RGD*TFA

	
DLS Data




	
Dh, nm

	
PdI






	
13

	
80

	
0.2




	
14

	
114

	
0.25




	
15

	
112

	
0.21




	
16

	
84

	
0.21




	
17

	
82

	
0.27




	
18

	
82

	
0.26

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
50,000 25

@
3

40,000 X 2 B
- 2 2 40
T 30,000 ’8 15 ‘8
= 20,000 2 1 o
o O 20
10,000 s _
0 o 0

MNPs 20 19  MNPs 20 19 MNPs 20
(a) (b) (c)





media/file4.png
O 0
] MNPs 1 or I JT
MNPs 2 (with PMIDA stabilization) HoN N /ﬁr N 0

O
RGD PEG-NHS
OH
/
i MNPs-SiO,
“on 3 (based on MNPs 1),
4 (based on MNPs 2) l i
)
A A<
)
)
oH \ﬁ
|
i NH, O
O..-0 c') MNPs-SiO,-APS
S (based on MNPs 1), HN NH O PEG-RGD
6 (based on MNPs 2) ’/

MNPs-RGD

7-9 (based on MNPs 1),
10-12 (based on MINPs 2)

OH
. \O - Sl _\_ ‘ﬁ\/ +/\”/
H
O \ ¢
~ _/
/SI\O J))k
0-5i PNHz
/ CCELCOOI MNPs-RGD*TFA
E{O HN NH2 I5 13-15 (based on MNPs 1),
16-18 (based on MNPs 2)
OH
EO\S, AON
: i
‘O’ I O - Sl
| oy )
v O. % =~q
14o0r 17— Fe;0, /Sl \O
O\
~0 -9 HN—Cy5
O-5Si Y . MNPs(Cy5)RGD
E{O HN NH2 CI5CO0H 19 (based on MNPs 1),
20 (based on MINPs 2)

i: TEOS, NH5;O0H, EtOH (70%), 20 h; ii: APTMS, EtOH (70%), 20 h; iii: CH,Cl, dry, 20 h;
iv: MNPs:PEG-RGD 2:1, 5:1 or 10:1, HBTU, MeCN, 20 h; v: TFA, 3h; vi: Cy5-NHS, MeCN, 20 h.





nav.xhtml


  jcs-08-00486


  
    		
      jcs-08-00486
    


  




  





media/file6.jpg
)

Nomber of MNPs, %

3

R
a.m

©





media/file16.png
4T 1
A

5 °

™
AN
a8
=
¥
a
=

MDA-MB231





media/file2.png
71000 " 500

71500

" 2000

3000

1500

Wavenumber (cm-1)

\ S
\ ﬁ/x/fffdvnmmr .
vav— “09s} 3
N, ,,/J, o
0891 829} gegl
~ “yy9L |
\x\\\KV\\\\\\\\\\u\\ T 091
I\\\Q\I\\ .
S \\\wv¢n~w\\\\\ .
1262 ws o [ 3 1S
&
62 62 XA .
wj S
................................................................. '8
S

(‘'n"e) aosuejoajoy

-1)

Wavenumber (cm





media/file5.jpg
« e
gn Cren
H

3° -
s

am oA
Ty Py





media/file7.png
15 - Mean = 12.1nm

Q StdDev = 2.3nm

O\- r Median = 11.7 nm . : / [511]
& 10