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SUMMARY:  33 
This work describes protocols for the preparation of magnetic nanoparticles, its coating with SiO2, 34 
followed by its amine functionalization with (3-aminopropyl)triethoxysilane (APTES) and its 35 
conjugation with deferoxamine using a succinyl moiety as a linker. A deep structural 36 
characterization description and a capture bacteria assay using Y. enterocolitica for all the 37 
intermediate nanoparticles and the final conjugate are also described in detail. 38 
 39 
ABSTRACT:  40 
In the present work, the synthesis of magnetic nanoparticles, its coating with SiO2, followed by 41 
its amine functionalization with (3-aminopropyl)triethoxysilane (APTES) and its conjugation with 42 
deferoxamine, a siderophore recognized by Yersinia enterocolitica, using a succinyl moiety as a 43 
linker are described.  44 
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 45 
Magnetic nanoparticles (MNP) of magnetite (Fe3O4) were prepared by solvothermal method and 46 
coated with SiO2 (MNP@SiO2) using the Stöber process followed by functionalization with APTES 47 
(MNP@SiO2@NH2). Then, feroxamine was conjugated with the MNP@SiO2@NH2 by 48 
carbodiimide coupling to give MNP@SiO2@NH2@Fa. The morphology and properties of the 49 
conjugate and intermediates were examined by eight different methods including powder X-Ray 50 
diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), Raman spectroscopy, X-ray 51 
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM) and energy 52 
dispersive X-Ray (EDX) mapping. This exhaustive characterization confirmed the formation of the 53 
conjugate. Finally, in order to evaluate the capacity and specificity of the nanoparticles, they were 54 
tested in a capture bacteria assay using Yersinia enterocolitica.  55 
 56 
INTRODUCTION:  57 
The bacteria detection methods using MNP are based on the molecular recognition of antibodies, 58 
aptamers, bioprotein, carbohydrates conjugated to MNP by the pathogenic bacteria1. Taking into 59 
account that siderophores are recognized by specific receptors on the outer membrane of 60 
bacteria, they could also linked to MNP to increase their specificity2. Siderophores are small 61 
organic molecules involved in the Fe3+ uptake by bacteria3,4. The preparation of conjugates 62 
between siderophores and MNP along with their evaluation for the capture and isolation of 63 
bacteria has not yet been reported. 64 
 65 
One of the crucial steps in the synthesis of conjugates of magnetic nanoparticles with small 66 
molecules is the selection of the type of bond or interaction between them to ensure that the 67 
small molecule is attached to the surface of the MNP. For this reason, the procedure to prepare 68 
the conjugate between magnetic nanoparticles and feroxamine—the siderophore recognized by 69 
Yersinia enterocolitica—was focused at the generation of a modifiable surface of the MNP to 70 
allow linking it covalently to the siderophore by carbodiimide chemistry. In order to get an 71 
uniform magnetite nanoparticles (MNP) and to improve nucleation and size control, a solvolysis 72 
reaction with benzyl alcohol was carried in a thermal block without shaking5. Then, a silica coating 73 
was generated by Stöber method to confer protection and improve the stability of the 74 
nanoparticles suspension in aqueous media6. Taking into account the structure of the 75 
feroxamine, the introduction of amine groups is necessary to produce suitable nanoparticles 76 
(MNP@SiO2@NH2) to be conjugated with the siderophore. This was achieved by condensation 77 
of (3-aminopropyl)triethoxysilane (APTES) with the alcohol groups present on the surface of the 78 
silica modified nanoparticles (MNP@SiO2) using a sol-gel method7.  79 
 80 
In parallel, the feroxamine iron(III) complex was prepared by complexation of the commercially 81 
available deferoxamine with iron acetyl acetonate in aqueous solution. N-succinylferoxamine, 82 
bearing succinyl groups that will act as linkers, was obtained by the reaction of feroxamine with 83 
succinic anhydride. 84 
 85 
The conjugation between MNP@SiO2@NH2 and N-succinylferoxamine to give 86 
MNP@SiO2@NH@Fa was carried out through carbodiimide chemistry using as coupling reagents 87 
benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium hexafluorophosphate (BOP) and 1-88 



   

 

hydroxybenzotriazole (HOBt) in a soft basic media to activate the terminal acid group in N-89 
succinylferoxamine8. 90 
 91 
Once the MNPs were characterized, we evaluated the capabilities of bare and functionalized 92 
magnetic nanoparticles to capture wild type (WC-A) and a mutant of Y. enterocolitica lacking 93 
feroxamine receptor FoxA (FoxA WC-A 12-8). Plain MNPs, functionalized MNPs and the conjugate 94 
MNP@SiO2@NH@Fa were allowed to interact with each Y. enterocolitica strain. The bacteria-95 
conjugate aggregates were separated from the bacteria suspension by the application of a 96 
magnetic field. The separated aggregates were rinsed twice with phosphate buffered saline 97 
(PBS), re-suspended in PBS to prepare serial dilutions and then, they were plated for colony 98 
counting. This protocol demonstrates each step of the synthesis of MNP@SiO2@NH@Fa, the 99 
structural characterization of all the intermediates and the conjugate, and a bacterium capture 100 
assay as an easy way to evaluate the specificity of the conjugate in relation to the intermediates.9 101 
 102 
PROTOCOL:  103 
 104 
NOTE: For the reactions performed under inert atmosphere conditions, all the glassware was 105 
previously dried in an oven at 65 °C, sealed with a rubber septum and purged with argon three 106 
times. 107 
 108 
1. Synthesis of magnetic nanoparticles conjugated with feroxamine 109 
 110 
1.1. Synthesis of Fe3O4 magnetic nanoparticles (MNPs) 111 
 112 
1.1.1. Add 0.5 g of Fe(acac)3 in a 20 mL glass vial and then mix with 10 mL of benzyl alcohol. 113 
 114 
1.1.2. Sonicate this mixture for 2 min, then transfer to a heating block and heat at 180 °C for 72 115 
h. 116 
 117 
1.1.3. After the reaction is completed, allow the vials to cool down, rinse the nanoparticles with 118 
96% ethanol and centrifuge at 4000 x g for 30 min. Repeat the centrifugation at least twice. 119 
 120 
1.1.4. Separate the nanoparticles from the supernatant by magnetic attraction using a 121 
neodymium magnet and discard the residual solvent. 122 
 123 
1.1.5. Rinse with 96% ethanol repeating step 1.1.4. and discard the supernatant alternating with 124 
sonication in a bath for 1 min at 40 kHz until the solvent looks clear. 125 
 126 
1.2. Magnetic nanoparticles SiO2 coating (MNP@SiO2) 127 
 128 
1.2.1. Prepare a suspension of 2 g of MNP in 80 mL of isopropanol and then add 4 mL of 21% 129 
ammonia, 7.5 mL of distilled water and 0.56 mL of TEOS (in this order) in a round bottom flask 130 
with a magnetic stir bar. 131 
 132 



   

 

1.2.2. Heat the mixture at 40 °C for 2 h with continuous stirring and then sonicate for 1 h. 133 
 134 
1.2.3. Separate the MNP with a magnet, discard the supernatant, and disperse it in 30 mL of 135 
isopropanol. 136 
 137 
1.2.4. Repeat steps 1.2.1. and 1.2.2. 138 
 139 
1.2.5. Remove and wash the magnetic stir bar with 96% ethanol to recover all the material. 140 
 141 
1.2.6. Separate the nanoparticles from the supernatant by magnetic attraction using a magnet.  142 
 143 
1.2.7. Discard the supernatant and rinse the nanoparticles with 96% ethanol three times 144 
alternating with sonication. 145 
 146 
1.2.8. Dry the nanoparticles under vacuum at room temperature for 12 h. 147 
 148 
1.3. Functionalization of MNP@SiO2 with (3-aminopropyl)triethoxysilane (APTES) 149 
 150 
1.3.1. Rinse 500 mg of the MNP@SiO2 obtained from the previous step with N,N-151 
dimethylformamide (DMF) under inert atmosphere and then sonicate for 1 min at 40 kHz. Then 152 
discard the supernatant and repeat this process three times. 153 
 154 
1.3.2. Re-suspend the particles in a round bottom flask, under stirring with a magnetic stir bar 155 
and add 9 mL of APTES. 156 
 157 
1.3.3. Stir the mixture at 60 °C for 12 h. 158 
 159 
1.3.4. Discard the supernatant and rinse the nanoparticles with 96% ethanol three times 160 
alternating with sonication. 161 
 162 
1.4. Synthesis of feroxamine 163 
 164 
1.4.1. Dissolve 100 mg (0.15 mmol) of deferoxamine mesylate salt and 53.0 mg (0.15 mmol) of 165 
Fe(acac)3 in 5 mL of distilled water and stir the mixture overnight at room temperature. 166 
 167 
1.4.2. Wash the resulting product three times with 20 mL of EtOAc in a separation funnel and 168 
then, remove the organic solvent under vacuum using a rotatory evaporator. 169 
 170 
1.4.3. Freeze-dry the aqueous phase to afford feroxamine as a red solid. 171 
 172 
 173 
1.5. Synthesis of N-succinylferoxamine 174 
 175 



   

 

1.5.1. Add 350 mg (3.50 mmol) of succinic anhydride to a solution of 100 mg (0.17 mmol) of 176 
feroxamine in 5 mL of pyridine in a 50 mL round bottomed flask under inert atmosphere. 177 
 178 
1.5.2. Stir the resulting mixture at room temperature for 16 h. After that time, remove the 179 
excess of pyridine under reduced pressure in a rotatory evaporator to give a dark red solid. 180 
 181 
1.5.3. Dissolve the reaction crude in 3 mL of methanol. 182 
 183 
1.5.4. Transfer the methanolic solution into a Sephadex column (20 cm of Sephadex in a 20 mm 184 
diameter column) and elute at 0.5 mL/min. 185 
 186 
1.5.5. Collect the red fraction and remove the methanol under vacuum using a rotatory 187 
evaporator. 188 
 189 
1.6. Synthesis of the conjugate MNP@SiO2@NH@Fa 190 
 191 
1.6.1. Rinse 30 mg of dry MNP@SiO2@NH2 twice with DMF and sonicate the nanoparticles in a 192 
100 mL Erlenmeyer flask for 30 min under inert atmosphere. 193 
 194 
1.6.2. Prepare a solution of N-succinylferoxamine (200 mg, 0.30 mmol), benzotriazole-1-yl-oxy-195 
tris-(dimethylamino)-phosphonium hexafluorophosphate (BOP, 173 mg, 0.45 mmol), 1-196 
hydroxybenzotriazole (HOBt, 46 mg, 0.39 mmol) and N,N-diisopropylethylamine (DIPEA, 128.8 197 
mg, 1.21 mmol) in 10 mL of DMF (Mix A) in a 50 mL round-bottomed flask under inert 198 
atmosphere. 199 
 200 
1.6.3. Suspend the previously rinsed MNP@SiO2@NH2 in 3 mL of DMF under sonication in dry 201 
under oxygen free conditions using an argon gas atmosphere (Mix B). 202 
 203 
1.6.4. Add mix A to mix B dropwise. 204 
 205 
1.6.5. Shake the final mixture using an orbital shaker at room temperature overnight. 206 
 207 
1.6.6. Separate the resulting conjugate (MNP@SiO2@NH@Fa) from the suspension using a 208 
magnet. 209 
 210 
1.6.7. Rinse the resulting solid and then, sonicate it five times with 10 mL of ethanol.  211 
 212 
1.6.8. Dry the solid under vacuum for 24 h.  213 
 214 
2. Bacterial assay with Y. enterocolitica strains to quantify the isolation and capture of 215 
pathogenic bacteria with nanoparticles 216 
 217 
2.1. Prepare a suspension of all the intermediate nanoparticles and the final conjugate in PBS 218 
at 1 mg/mL in sterile 2 mL tubes. 219 



   

 

 220 
2.2. Prepare a culture of Y. enterocolitica in 5 mL of Luria Bertani (LB) broth overnight 221 
incubating at 37 °C.  222 
 223 
2.3. Prepare a 5 mL of iron deficient tryptic soy broth (TSB) broth by adding 50 µL of 10 mM 224 
2,2′-bipyridyl.  225 
 226 
2.4. Inoculate the 5 mL of iron deficient TSB broth with 50 µL of the overnight culture of Y. 227 
enterocolitica and then, incubate at 37 °C with agitation until an OD600 = 0.5‒0.8 is reached. 228 
 229 
2.5. Take 100 µL of the culture obtained in the step 2.4 and dilute in a 2.0 mL tube containing 230 
900 µL of PBS to obtain a first 1/10 dilution. Then, prepare a 1/100 dilution from the first dilution 231 
using the same procedure to get a concentration of bacterial cells at 1 x 106 Colony Forming Units 232 
(CFU)/mL approximately. 233 
 234 
2.6. Add 100 µL of nanoparticles suspension at 1 mg/mL to 1 mL of the 1/100 dilution of 235 
bacterial suspension in a 2.0 mL tubes tube, and homogenize with vortex. 236 
 237 
2.7. Incubate the culture at 20 °C for 1 h. 238 
 239 
2.8. Separate the MNP/bacteria aggregates by using a magnet and carefully discard the 240 
supernatant. 241 
 242 
2.9. Rinse the separated nanoparticles twice with 1 mL PBS using a vortex.  243 
 244 
2.10. Suspend the nanoparticles in 1 mL of PBS to count the amount of bacterial capture in 245 
CFU/mL.  246 
 247 
2.11. Prepare four successive 1/10 dilutions from the former suspension until a 1 x 10-4 dilution 248 
is reached.  249 
 250 
2.12. Plate 10 µL of each dilution onto TS agar plates and incubate them at 37 °C overnight.  251 
 252 
2.13. Photograph the plate with a gel digitalizer in epi white mode. Process the image an 253 
appropriate software to amplify a spot to count the number of individual colonies.  254 
 255 
NOTE: Each MNP intermediate was characterized to follow up the progress of the synthesis. 256 
Firstly, bare MNPs were studied by XRD to check the crystalline structure. Then, the FT-IR 257 
spectrum of each intermediate was run to check the changes that occurred in the corresponding 258 
reaction. Raman spectroscopy analysis of each intermediate was also carried out in order to 259 
confirm the conclusions deduced from FT-IR spectra. TGA analysis allowed us to estimate the loss 260 
weight of the intermediates bearing organic material in its structure. The morphology and size of 261 
each intermediate was studied by TEM. Finally, XPS analysis was critical to determine the atom 262 



   

 

oxidation states at each MNP intermediate surface and to confirm the covalent bond formation 263 
in the conjugate MNP@SiO2@NH@Fa. 264 
 265 
REPRESENTATIVE RESULTS:  266 
An exhaustive structural characterization is carried out in order to determine the morphology 267 
and the properties of each intermediate and the final conjugate. For this propose, the techniques 268 
XRD, FT-IR, Raman spectroscopy, TGA, TEM, EDX mapping and XPS are used in order to 269 
demonstrate the formation of the conjugate. The oxidation states of the atoms at the surface of 270 
the nanoparticles acquired by X-ray photoelectron spectroscopy are the most relevant data to 271 
confirm the formation of covalent bonds between the nanoparticle and the siderophore. In 272 
agreement with these results, this protocol is reproducible.  273 
 274 
Bare MNP, functionalized MNPs and the conjugate are mixed with each Y. enterocolitica strain in 275 
PBS solution. The bacteria-MNPs aggregates are separated from the suspension using a magnet. 276 
After rinsing the aggregates twice with PBS, they are re-suspended in PBS to prepare serial 277 
dilutions that are plated for colony counting.  278 
 279 
Intermediates and the final conjugate prepared using this protocol were submitted to several 280 
techniques to display the changes that take place in each step of the synthesis. Infrared and 281 
Raman spectroscopy constitute an easy and fast way to monitor each step of the synthesis. The 282 
presence of characteristic bands corresponding to Si-O, C-Si-C, Fe-O, O=C amide vibration, O=C-283 
N hydroxamic acid vibration in the FT-IR and Raman (see below) spectra were the first indicators 284 
of the chemical changes that were taking place on the surface of the magnetic nanoparticles in 285 
each step of the synthesis.  286 
 287 
XRD diffractogram 288 
Figure 1 shows the XRD analysis used to confirm the composition and crystalline structure of the 289 
synthetic magnetite (MNP) by comparison with JCPDS file 00-003-0863. 290 
 291 
TEM analysis 292 
Figure 2C displays bright spots of the electron diffraction pattern that match with the (111), (220), 293 
(311), (400), (422), (511) and (440) diffraction planes of magnetite corresponding to d-spacings 294 
of 4.9, 2.9, 2.4, 2.0, 1.7, 1.6 and 1.4 Å, respectively. On the other hand, Figure 1D and Figure 4E 295 
show TEM images of MNP@SiO2@NH2@Fa corresponding to dispersed MNP particles (~10 nm) 296 
embedded in the amorphous inorganic-organic material. The coating thickness is over ~10 nm.  297 
 298 
EDX analysis 299 
EDX maps display the distribution of the elements Fe, O, Si and C on the surface. Figure 3A clearly 300 
shows the presence of Si on the surface of MNP@SiO2. After amine functionalization and 301 
conjugation with feroxamine, the increment of C on the surface of nanoparticles for 302 
MNP@SiO2@NH@Fa is shown in Figure 3B as an evidence of a successful conjugation. 303 
 304 
IR analysis 305 



   

 

FTIR spectra (Figure 4) of bare MNP, MNP@SiO2, MNP@SiO2@NH2 and MNP@SiO2@NH@Fa is 306 
shown in Figure 1. All the FTIR spectra display the beginning of a band within the spectral range 307 
of the analysis at 600 cm-1 which was related to Fe–O vibrations. The presence of a broad band 308 
at 1050 cm-1—attributed to the Si-O-Si stretching vibration—in the FTIR spectra of MNP@SiO2, 309 
MNP@SiO2@NH2 and MNP@SiO2@NH@Fa confirmed the silica coating.  310 
 311 
The FTIR spectrum of MNP@SiO2 (Figure 4) displays a broad band between at 830 and 1275 cm-312 
1 (Si-O bond); it becomes more intense after its functionalization with APTES in the FTIR spectrum 313 
of MNP@SiO2@NH2, probably due to the Si-C bond (expected between 1175 and 1250 cm-1). 314 
Finally, the bands at 2995 cm-1 (C-H stretching bonds), 1640 cm-1 (O=C-NH amide II vibration) and 315 
1577 cm-1 (O=C-N hydroxamic acid vibration) observed in the FTIR spectrum of 316 
MNP@SiO2@NH@Fa confirmed the conjugation of feroxamine with the nanoparticles10. 317 
 318 
Thermogravimetry analysis 319 
Thermogravimetry data is shown in Figure 5, which displays the weight loss due to addition of 320 
organic material and water.  321 
 322 
Raman analysis 323 
The silica coating and functionalization of the bare MNP were also confirmed by Raman analysis 324 
of each intermediate and MNP@SiO2@NH@Fa (Figure 6). All Raman spectra show peaks at 325 
305.8, 537.2 and 665.6 cm-1, corresponding to Fe-O vibrations (Figure 6A)11, and a shoulder on 326 
the peak at 713.5 cm-1, relating to Si-O-Si vibrations (Figure 6B)12. After APTES functionalization, 327 
the Raman spectrum of MNP@SiO2@NH2 displays intense peaks at 1001.5 and 1027.4 cm-1, 328 
corresponding to the presence of SiO2, and at 1578.6 and 1597.9 cm-1, confirming the formation 329 
of Si-C bonds. Furthermore, the presence of a shoulder of the peak at 703.0 cm-1 also confirmed 330 
the presence of APTES (Figure 6C)13, 14. Finally, the broad peak between 1490 and 1700 cm-1 331 
(centred at ~1581 cm-1), corresponding to Si-C bonds and amide groups in the Raman spectrum 332 
of MNP@SiO2@NH@Fa, are in agreement with the formation of the conjugate (Figure 6D)14. 333 
 334 
XPS analysis 335 
The study of the oxidation state of the atoms on the surface was performed by XPS analysis and 336 
confirmed the bonds formation in the structures. Figure 7 shows the XPS spectra of the bare and 337 
different functionalized MNPs. For MNP a narrow peak in C1s might be due to impurities in 338 
handling the sample during the synthesis. The introduction of carbon is observed as C-C and C-H 339 
bonds in MNP@SiO2@NH2 and MNP@SiO2@NH@Fa spectra. The analysis of the peak at 399 eV 340 
in the N1s spectra along with its attenuation observed for MNP@SiO2@NH@Fa confirms the 341 
formation of amide bonds between the MNP@SiO2@NH2 and feroxamine. Moreover, the 342 
existence of N-O bond of hydroxamic moieties is in agreeement with the presence of a peak at 343 
402 eV. The presence of a peak at 102 eV in Si2p narrow spectra in all intermediates and the 344 
conjugate is in agreement with the binding energy for the siloxane group15, 16. 345 
 346 
Z Potential  347 
Z potential values are displayed In Table 1. The results are negative, -25.21 and -29.35 mV, for 348 
MNP and MNP@SiO2, respectively. Functionalization with APTES to give MNP@SiO2@NH2 349 



   

 

changed the surface charge from negative to positive. This fact was attributed to the amine 350 
groups and the surface charge remains positive for MNP@SiO2@NH@Fa. The positive surface Z 351 
potential could explain the interaction between bacteria (whose surface is negative) and the 352 
conjugate17–19. 353 
 354 
Bacteria capture assay 355 
The number of colonies of Y. enterocolitica WC-A and FoxA WC-A 12-8 captured with MNP 356 
intermediates and MNP@SiO2@NH@Fa were quantified in those dilutions where 40‒60 colonies 357 
were separated and easily visualized. The number of colonies captured for bare, MNP@SiO2, and 358 
MNP@SiO2@NH2 shows no significant differences among them (Figure 8). The electrostatic 359 
forces due to free amine groups in MNP@SiO2@NH2 and the low concentration of feroxamine 360 
membrane receptor in bacteria might justify the lack of expected binding specificity. 361 
 362 
This protocol could be applied in the synthesis of different type of conjugates, mainly those that 363 
use carbodiimide chemistry. It is versatile enough to introduce modifications in order to obtain 364 
better results. The complete characterization of all the intermediates and the final conjugate, 365 
using the described techniques, allows one to follow each step of the synthesis and confirm the 366 
formation of the desire bond. The counting of colonies in the bacteria capture assay, using a 10 367 
µL drop, allows one to test all the samples at the same time in one plate which makes easier to 368 
get replicates and perform assays under different conditions. 369 
 370 
FIGURE LEGENDS: 371 
 372 
Figure 1: Comparison of MNP (Fe3O4) (purple) and magnetite pattern (black) diffractograms. 373 
This figure has been modified from Martínez-Matamoros et al.9. 374 
 375 
Figure 2: Bright field TEM and electron diffraction images of bare MNP (A, B and C), and of 376 
MNP@SiO2@NH@Fa (D, E and F). Images are at medium and high resolutions. This figure has 377 
been modified from Martínez-Matamoros et al.9. 378 
 379 
Figure 3: EDX maps of MNP@SiO2: HAADF image and the corresponding Fe, Si, O and C maps 380 
of A. MNP@SiO2 and B. MNP@SiO2@NH@Fa. This figure has been modified from Martínez-381 
Matamoros et al.9. 382 
 383 
Figure 4: FT-IR spectra of bare iron oxide (Fe3O4) MNP, MNP@SiO2, MNP@SiO2@NH2 and 384 
MNP@SiO2@NH@Fa (4). This figure has been modified from Martínez-Matamoros et al.9. 385 
 386 
Figure 5: Thermogravimetric analysis of MNP, MNP@SiO2@NH2, and MNP@SiO2@NH@Fa. This 387 
figure has been modified from Martínez-Matamoros et al.9. 388 
 389 
Figure 6: Raman spectra of bare iron oxide (Fe3O4) MNP (A), MNP@SiO2 (B), MNP@SiO2@NH2 390 
(C) and MNP@SiO2@NH@Fa (D). (*) APTES, (**) Other iron oxide phases, likely formed from the 391 
transformation of magnetite by the laser power. This figure has been modified from Martínez-392 
Matamoros et al.9. 393 



   

 

 394 
Figure 7: XPS narrow spectra of MNP, MNP@SiO2@NH2 and MNP@SiO2@NH@Fa. This figure 395 
has been modified from Martínez-Matamoros et al.9. 396 
 397 
Figure 8: CFU of Y. enterocolitica captured per 100 µg of magnetic nanoparticles: bare, 398 
MNP@SiO2, MNP@SiO2@NH2 and MNP@SiO2@NH@Fa. (A) WC-A (wild type) (B) FoxA WC-A 399 
12-8 (mutant lacking feroxamine receptor FoxA) and SEM image of MNP@SiO2@NH@Fa 400 
interacting with Y. enterocolitica. This figure has been modified from Martínez-Matamoros et al.9. 401 
 402 
Table 1: Z potential measurements. This table has been obtained from Martínez-Matamoros et 403 
al.9. 404 
 405 
DISCUSSION:  406 
This protocol describes the synthesis of a conjugate between magnetic nanoparticles and the 407 
siderophore feroxamine by covalent bonding. The synthesis of magnetite was carried out using 408 
the protocol reported by Pinna et al.5 followed by silica coating to protect the magnetic core of 409 
corrosion in aqueous systems, to minimize the aggregation and to provide a suitable surface for 410 
functionalization6. The silica coating process was modified. Instead of carrying out three coatings 411 
as reported by Li et al.6, the MNPs were coated with two silica layers in this method (Figure 1D) 412 
which was enough to continue with the functionalization step with APTES7.  413 
 414 
Deferoxamine was complexed with iron (III) because it is susceptible to degradation within a few 415 
hours at room temperature. The best way to obtain the iron complex is using iron acetyl 416 
acetonate because its purification by liquid-liquid extraction is very simple and feroxamine is 417 
obtained in a quantitative yield. Feroxamine is stable and could be modified to give N-418 
succinylferoxamine using succinic anhydride to add a terminal acidic group as a linker. The 419 
purification by size exclusion chromatography allows removal of the excess succinic anhydride 420 
and succinic acid from N-succinylferoxamine.  421 
 422 
The amine nanocomposite was used to link N-succinylferoxamine covalently on the surface. 423 
Nuclear magnetic resonance (NMR) cannot be used for the structural elucidation of the products 424 
due to the paramagnetic behavior of iron oxide. For this reason, each reaction step was 425 
monitored by FT-IR and then confirmed by Raman spectroscopy. Peaks deconvolution and fitting 426 
were made with a convenient software taking into account that the Raman spectra included ten 427 
measures of 300 s with a total measure time of 3,000 s. Morphology and size were measured by 428 
TEM observing the pseudospherical shape magnetite with a homogeneous size distribution of 10 429 
nm (Figure 2A,B). The conjugate coating thickness measure show a 10 nm homogeneous layer 430 
(Figure 2D,E).  431 
 432 
It is very difficult to obtain a TEM field where nanoparticles can be observed individually due to 433 
its magnetic character and its tendency to agglomerate. EDX mapping was used to obtain 434 
information on the composition of each element on the surface (Figure 3A). The carbon density 435 
was clearly increased in the conjugate MNP@SiO2@NH@Fa (Figure 3B) relative to that of the 436 
intermediate MNP@SiO2. 437 



   

 

 438 
The bacteria capture assay was designed in order to test the capability of the conjugate to 439 
capture bacteria through the feroxamine outer membrane protein receptor. Yersinia 440 
enterocolitica WC-A strain was selected because it expresses the FoxA feroxamine receptor and 441 
is easy to grow. The critical step in this procedure was the removal of non-capture bacteria. This 442 
was achieved by rinsing and vortexing with sterile PBS twice followed by recovering the bacteria-443 
conjugate aggregates using a magnet. The numbers of colonies captured by each of the MNP 444 
intermediate, used as control, and the conjugate MNP@SiO2@NH@Fa were determined by 445 
colony counting from dilution method. Using 10 µL drops facilitates the experimental procedure 446 
and allows to handle more than four samples reducing the cost of the test in terms of time and 447 
material as compared to the classical method of counting plaque colonies.  448 
 449 
The most important limitation of the synthesis of the MNP@SiO2@NH@Fa conjugate is that it is 450 
not possible to confirm the bond formation by NMR. Although the preparation of 451 
MNP@SiO2@NH@Fa seems simple, the use of the structural characterization techniques is 452 
crucial in order to confirm the linking between the siderophore and the MNP through a covalent 453 
bond.  454 
 455 
Following the present protocol, it is possible to generate conjugates using carbodiimide 456 
chemistry. In order achieve this, the presence of amino groups on the MNPs surface and a 457 
carboxylic acid functionality in the compound of interest are necessary. Testing different linkers 458 
and coating the MNPs surface with other functional groups to avoid creating positive charges on 459 
it could improve the bacterial capture discrimination.  460 
 461 
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Sample Z Potential

MNP -25.21

MNP@SiO2 -29.35

MNP@SiO2@NH2 17.03

MNP@SiO2@NH@Fa 22.14

MNP@SiO2@NHBoc@Fa 19.16

MNP@SiO2@NHCOOH@Fa 10.96
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Name of Material/ Equipment Company Catalog Number Comments/Description
1-Hydroxybenzotriazole hydrate

HOBT Acros 300561000

2,2′-Bipyridyl Sigma Aldrich D216305

3-Aminopropyltriethoxysilane 99% Acros 151081000

Ammonium hydroxide solution 28% 

NH3 Sigma Aldrich 338818

Benzotriazol-1-

yloxytris(dimethylamino)-phosphonium 

hexafluorophosphate BOP Reagent Acros 209800050

Benzyl alcohol Sigma Aldrich 822259
Deferoxamine mesylate salt >92,5% 

(TLC) Sigma Aldrich D9533

Ethanol, anhydrous, 96% Panreac 131085
Ethyl Acetate, Extra Pure, SLR, Fisher 

Chemical

Iron(III) acetylacetonate 97% Sigma Aldrich F300

LB Broth (Lennox) Sigma Aldrich L3022
N,N-Diisopropylethylamine, 99.5+%, 

AcroSeal Acros 459591000
N,N-Dimethylformamide, 99.8%, Extra 

Dry, AcroSeal Acros 326871000

Pyridine, 99.5%, Extra Dry, AcroSeal Acros 339421000

Sephadex LH-20 Sigma Aldrich LH20100

Succinic anhydride >99% Sigma Aldrich 239690

Tetraethyl orthosolicate >99,0% Sigma Aldrich 86578
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us to contribute an interest and qualified work to the journal. We have improved several aspects of video 

quality following the instructions of the Editor. We have explained point-by-point the details of the revisions 

through my responses to the editor and reviewer’s comments in the annex document. I apologize that some 

changes were not possible been done due to the COVID-19 outbreak.  

Hopefully the revised version as well as the answers to reviewer questions fit the expectations of the journal 

policy.  
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Carlos Jiménez (Full Professor of Organic Chemistry) 
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Response to the video editor comments 

Editor’s comments 

Comments to the Author: 

Use of Music: 

• 02:15 Rough music loop point- needs attention. 
• 02:25-11:38 This song(s) used during this time range are competing too much with the narration 
audio. The song(s) are very moody and have vocal content (the "ooo"s and "ahh"s). Please choose 
songs without vocals- songs that are fairly neutral and do not interfere with the video. There are 
also many parts where the music is harshly cut or edited, which increases our distraction from the 
video content. The music should be smooth and without obvious breaks, or simply consider 
eliminating it. 

   Answer to Editor:: 

All songs were eliminated from the video with exception of the introduction and end sound tracks. 

Our video software editor is not enough powerful to perform loops or manipulate tracks. Our video 

production was made by our own resources without any professional or audiovisual experts. For 

that reason, and due to the COVID-19 outbreak, we can't make many changes to the video. 

Comments to the Author: 

Editing & Pacing: 

00:12-00:47 Prof. Dr. Carlos Jimenez segment: His statements are edited quite closely in time to 
one another. A little bit of space to separate his statements would help with our understanding of 
them. 

Answer to Editor: 

Again, we are unable to improve the editing of Dr. Jimenez's comments due to the limitations 
described above. 

Comments to the Author: 

Jump cuts are not allowed. A jump cut is an edit point between two very similar clips, resulting in 
a "jumpiness" in the picture. 
• 05:16 Jump cut here from the freezeframe- please use a dissolve 
• 05:41 Jump cut here. I don't think this edit point is even necessary, you can remove the second 
clip after the jump cut and just make the first one longer. 

Answer to Editor: 

A dissolve effect was added at 05:16 and the second clip after the jump was removed at 05.41. 

 
Comments to the Author: 

Narration Coverage and Performance: 



 

• 02:21 There's a clip of static after the word "clear"  

Answer to Editor: 

Sorry, but we don’t understand this comment. 

Comments to the Author: 

• 09:52 "50 microliters of 10 milli-milli liters" should be "50 microliters of 10 milli-molar" 
• 10:33 "Incubate at 37 degrees centigrades with agitation until an optic density of 60 hundred n-
m between 0.5 and 0.8 is reached" should be "Incubate at 37 °C with agitation until an O-D six-
hundred of 0.5 to 0.8 is reached" 

Answer to Editor: 

For the same reasons described above, we are unable to record a new audio to correct them. 

Comments to the Author: 

 
• 10:59 There seems to be an audio drop-out (empty space) between the words "and elute it" and 
"tube". Restore the missing word or bring these phrases closer together. 

Answer to Editor: 

The empty space between the words "and elute it" and "tube" was shortened as much as we 
could. 

  

Comments to the Author: 

On-Screen Text: 

• 01:24 On-screen text: "minuts" should be "minutes" 
• 01:49 "minuts" should be "minutes" 
• 02:18 The text work here looks a bit rough, it looks like you erased "de" and inserted "the". 
Anyway to simply edit the original text object instead of the paint job here? 
• 06:40 "minuts" should be "minutes' 
• 07:13 "minuts" should be "minutes" 

Answer to Editor: 

All text mistakes were corrected. 


