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Characterization of Zero-Valent Iron Nanoparticles Functionalized with a Biomarker Peptide
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The identification of peptides that can be coupled to magnetic nanoparticles and be directed against 
specific receptors has been developed and applied intensively in various biomedical applications, such 
as magnetic resonance imaging (MRI), to diagnose neurodegenerative diseases. This work describes 
the properties of magnetic zero-valent iron (nZVI) nanoparticles coated with silica and subsequently 
decorated with a peptide as a biomarker of neuroinflammation. The synthesized nanostructured 
compounds were systematically characterized by XRD, SEM, AFM, DLS, FTIR and VSM techniques. 
Biotin-Streptavin-HRP system was carried out to confirm the peptide’s anchoring to the surface of 
the nanoparticles. The results showed that this nanostructured compound is an excellent candidate 
as a contrast agent capable of being used in magnetic resonance imaging, which would optimize the 
diagnosis of neuroinflammatory lesions compared to current contrast media.
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1. Introduction
Biocompatible magnetic nanoparticles (MNP) have a 

high potential in biomedical applications such as in cellular 
therapy, hyperthermia, or as a contrast agent for magnetic 
resonance imaging (MRI)1,2,3,4,5. The MNP can have sizes 
from tens to a few hundreds of nm; these have improved 
the image quality of tissues analyzed by MRI. They can 
decrease the T1 and T2 relaxation times and improve the 
tissue contrast on MRI.

Recent advances in the design of specific biomarkers 
for brain imaging have improved clinic diagnostics using 
MRI. These improvements have allowed the characterization 
of different phenotypes of neurodegenerative disorders 
by detecting structural and functional changes6,7. Current 
research is oriented to the design of biomarker probes using 
peptides and antibodies to detect and evaluate, in real-time, 
modifications, or molecular alterations in cell populations 
or tissues of interest8,9.

When using MNPs for biomedical applications, it is 
crucial to control the nanoparticles’ oxidation because it 
could lead to a degradation of their magnetic properties10,11. 
To prevent the oxidation process, silica (SiO2) is used as a 
protective coating material on iron oxide cores. SiO2 coating 
improves the MNP stability and gives a suitable surface for 
the coupling of specific biomarkers12,13,14.

This study was focused on the development of nanoscale 
zero-valent iron particles (nZVI) coated with silica (Fe@SiO2) 
synthesized by acid hydrolysis of alkoxides and the anchoring 
of a biomarker peptide on its surface (Fe@SiO2/Pe) as 
potential candidates of contrast agent for MRI in diagnosing 
neuroinflammatory processes. The peptide used here was 
selected from an EAE animal model due to its specificity 
to target alterations in the blood-brain barrier (BBB) under 
neuroinflammatory conditions. The peptide labeling was also 
confirmed by in vitro assays in a brain vascular endothelial 
cell line (HCMEC/D3) under pro-inflammatory conditions15,16.

The nanoparticles were characterized by X-ray diffraction 
(XRD), scanning electron microscopy (SEM), atomic force 
microscopy (AFM), dynamic light scattering (DLS), Fourier 
transform infrared spectroscopy (FTIR) and vibrating sample 
magnetometry (VSM). A biotin-streptavidin-HRP system 
was used to confirm the conjugation of the peptide to the 
nZVI surface.

2. Experimental

2.1. Chemical and reagents
Zero-valent iron nanoparticles (nZVI) Nanofer 25S were 

purchased from NANOIRON Ltd. (CAS No.: 7439-89-6). 
Ethanol (C2H5OH) (CAS No.: 64-17-5), tetraethylorthosilicate 
(TEOS) (CAS No.: 78-10-4), methyltriethoxysilane *e-mail: dllamosa@uan.edu.co
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(MTES) (CAS No.: 2031-67-6), acetic Acid (CH3COOH) 
(No.: 200-580-7) were obtained from Merck. Potassium 
Chloride (KCl) (CAS No.: 7447 -40-7) and monopotassium 
phosphate (KH2PO4) (CAS No.: 7778-77-0) were obtained 
from Sigma. Dibasic phosphate (Na2HPO4) was purchased 
from Acros (CAS No.: 10039-32-4). The biotinylated peptide 
(TPMMPETSQRFK) was synthesized by Genscript.

2.2. Silica surface preparation and 
functionalization

The nZVIs were protected with a SiO2 layer, obtaining 
Fe@SiO2 nanoparticles. The process of coating the magnetic 
nanoparticles with SiO2 was carried out by means of the 
synthesis of acid hydrolysis of alkoxides17,18. The nanoparticles 
were dispersed in ethanol to functionalize the surface, dried 
in an oven at atmospheric pressure. The resulting powder 
was dispersed in phosphate-buffered saline solution (PBS) 
and mixed with the biotinylated peptide (Pe). The nZVIs 
were re-dispersed in ultrasound for 3s, obtaining the 
Fe@SiO2/Pe sample (Figure 1). Direct ultrasound transfer 
more energy to the nZVI, allowing more porous samples, 
which would imply greater anchoring of the peptide and 
particle size control.

2.3. Characterization of nZVI
To determine the crystalline phases, XRD were taken 

at room temperature. The XRD pattern was acquired with a 
Panalytical X’pert PRO-MPD equipment with an Ultrafast 
X’Celerator detector in Bragg-Brentano geometry, using 
Cobalt CoKα radiation (λ = 1.7890 Å) 15° to 90° 2θ with 
a step of 0.0263° and a capture time of 100 s. The XRD 
patterns were analyzed with the General Structure Analysis 
System (GSAS) software. The morphological properties 
of the Fe@SiO2 nanoparticles were evaluated by means 
of scanning electron microscopy (SEM) with an energy 
dispersive spectrometer (EDS) in a Tescan Lyra 3; for this 
case, a carbon tape substrate was used.

To identify the nanoparticles height and size distribution, 
AFM was employed using 30 mg of Fe@SiO2 and Fe@SiO2/Pe. 
Mica was used as a substrate. The samples were analyzed 
in an Asylum Research microscope, model MFP-3D-BI. 
DLS technique was applied to determine the hydrodynamic 
diameters distribution. 30 mg of Fe and Fe@SiO2 nanoparticles 
dispersed in 5 mL of H2O was used. DLS measurements 
were performed with the Malvern Zetasizer Nano ZS 
equipment, model ZEN3600. The hydrodynamic diameter 

and the polydispersity index (PdI) were obtained from the 
autocorrelation fit of the data. The functional groups of the 
nanoparticles were examined by FTIR, these studies were 
done using a Bruker FTIR spectrophotometer, model Alpha. 
The spectrum for the Fe and Fe@SiO2 nanoparticles was taken 
with a resolution of 2 cm-1 in the range of 500-4000 cm-1. 
The magnetic measurements were developed using the 
vibrating sample magnetometer (VSM) Quantum Design. 
The measures taken as a function of temperature were carried 
out in a temperature range of 50 - 300 K using the Zero Field 
Cooled-Field Cooled (ZFC-FC) mode. The value of M vs 
H was taken from -30 to 30 kOe at 300 K.

2.4. Evaluation of peptide linkage with the Fe@
SiO2 nanoparticles

The linkage between the biotinylated-peptide and the surface 
of the nZVIs was evaluated using a biotin-streptavidin-HRP 
system. Briefly, in a previously hydrated 96-well plate, each 
well was blocked with 5% BSA/PBS for 2 hours at room 
temperature. The plate was washed three-times and the samples 
were added to each well. The evaluated samples included: 
(1) a negative control without nZVIs or peptide, (2) nZVIs 
without functionalization, (3) the biotinylated peptide, and 
(4) the functionalized nZVIs. The samples were incubated 
for 2 hours at room temperature, and later, each well was 
washed and incubated with streptavidin-HRP for 30 minutes 
at room temperature in the dark. After washing, the substrate 
(1:1 H2O2:tetramethylbenzidine (TMB)) was added and set 
for 30 minutes at room temperature, protected from light. 
The reaction was stopped with 1M H2SO4. The absorbance 
was determined in an FC Multiskan ™ microplate reader 
at 450 nm 19,20.

2.5. Statistics
Statistical analysis of functionalized nanoparticles was 

performed using an unpaired Student’s t-test (GraphPad Prism 
version 6). Statistical significance was accepted at p < 0.05.

3. Results and Discussion

3.1. Structural analysis
The XRD patterns observed at room temperature for 

iron nanoparticles (Fe@SiO2) coated with silica and iron 
nanoparticles coated and decorated with the biomarker 
peptide (Fe@SiO2/Pe) are shown in Figure 2. Peaks were 

Figure 1. Scheme of the preparation of silica-coated zero-valent iron nanoparticles and subsequent functionalization of the peptide. US: 
Ultrasound. TEOS: tetraethylorthosilicate. MTES: methyltriethoxysilane. PBS: phosphate-buffer saline solution.
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identified at 2θ ≈ 52.55 ° (110) y 77.47 ° (200) corresponding 
to Fe (JCPDS card no 65-4899), peaks at 2θ ≈ 35.2 ° (220), 
41.53 ° (311), 50.51 ° (400), 67.34 (511) and 74.25 ° (440) 
correspond to Fe3O4 (JCPDS card no 19-0629) and peaks 
at 2θ ≈ 37.02° (620), 35.59 ° (241) and 53.56 ° (302) 
corresponding to silica SiO2 (ID: mp-558301). The detailed 
analysis of XRD shown in the enlarged region of the main 
signal corresponds to the plane’s orientation (110) in the 
range of 2θ ≈ 52 – 53.2 ° (inset of Figure 2). It is clearly 
seen that the full width at half maximum of the reflection 
peaks decreased after functionalizing the nanoparticles with 
the peptide, indicating growth in crystallinity or changes in 
crystalline pressure21. The XRD peaks were identical even 
after the peptide functionalization procedure, indicating that 
the nZVI core’s crystallinity is retained after coating, and 
only the intensity of the Fe3O4 peaks were slightly reduced, 
which was attributed to the formation of the amorphous 
silica layer2.

In the present study, we have adopted the Rietveld 
refinement technique using GSAS software in order to 
confirm the identified crystalline phases. The refined patterns 
are shown in Figure 3. The small values of the statistical 
adjustment parameters (χ2 y R(F2)) confirm the stability of 
the phases. According to the structural parameters obtained 
by the refinement of nanoparticles (Table 1), the phase 

percentage (W(%)) of pure iron (ferrite) of the nanoparticles 
coated with silica corresponds to 99% compared to 90% of 
the nanoparticles coated with the peptide. This decrease in 
W (%) of Fe is due to the oxidation of Fe and the coating 
of the ZVI nanofer with SiO2, clearly indicating that it is a 
very reactive absorbent, which is related to an increase in 
the surface area, indicating a greater probability of anchoring 
the peptide with nanoparticles22. The lattice parameters (a, 
b and c) and cell volume change when the nanoparticles 
are functionalized with the peptide. The crystallite size of 
all samples was determined using the Scherrer equation 

/   L coscosκλ β θ= ; where λ is the wavelength of the incident 
beam, β is the average height width, θ is the angle of 
reflection of the strongest signal, and κ = 0.9 is a coefficient. 
Replacing the strongest signal’s value corresponding to 
2θ ≈ 52.55 ° with direction (110) in this equation and using 
the value of the average height width. According to the 
size of the crystallite, it can be determined that the nZVI 
are of a single domain, inferring that these nZVI present 
a superparamagnetic behavior since, at these sizes, the 
formation of domain walls that provide nZVI of multiple 
domains is energetically unfavorable23. The results showed 

Figure 2. XRD diffraction pattern of Fe@SiO2 and Fe@SiO2/Pe. 
Inset: Enlarged region of the main signal.

Figure 3. Rietveld refinement XRD patterns of Fe@SiO2 and 
Fe@SiO2/Pe systems.

Table 1. Structural parameters obtained by Rietveld refinement of nanoparticles.

Sample Phase Phase content 
W (%) Space Group

Lattice 
Parameter (Å) Cell Volume V 

(Å3)
Crystallite size 

(nm)
a = b = c (Å)

Fe@SiO2

Fe 99 Im-3m (229) 2.860 (3) 23.235 (5)
37.7

Fe3O4 1 Fd-3m (227) 8.350 (2) 582.247 (8)

Fe@SiO2/Pe

Fe 90 Im-3m (229) 2.859 (2) 23. 389 (1)

77.4

Fe3O4 8.5 Fd-3m (227) 8.369 (2) 586.192 (5)

SiO2 1.5 C2/m (12)

a =18.258 (4)

1894.519 (5)b = 13.348 (2)

c= 7.776 (2)
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an augment in the crystallite size when the nanoparticles 
are coated with the peptide (Table 1); such an increase is 
attributed to the inclusion of the amorphous silica layer and 
the rise in surface area. However, the size can be controlled 
by the amount of silica14.

A representative AFM image of the monodisperse 
Fe@SiO2 nanoparticles is displayed in Figure 4a. The analysis 
of the height profile of the nanoparticles showed a size of 
54 ± 10 nm (Figure 4b). These results are similar to those 
reported by other works using nZVI Nanofer 25S from 
NANOIRON Ltd24, it is observed that the NPs are dispersed 
and do not form aggregates, which is convenient for medical 
applications and especially to be functionalized. The similar 
contrast of each NP indicates that its height is close, which 
is important for its application, since having similar sizes 
will present similar magnetic properties25.

Figure 5 shows SEM micrographs at different 
magnifications, the size distribution and chemical 
composition of the NPs obtained after coating with 
SiO2 (Fe@SiO2). In Figure 5a it is observed that some 

Fe@SiO2 nanoparticles are added; possibly this effect 
occurred due to the preparation of the sample for the 
measurement, where it was quickly dried in vacuum. 
It is possible to avoid agglomeration of the nZVI using 
a surfactant to negatively charging the surface of the 
nanoparticles6. These images were analyzed with the 
ImageJ program, obtaining the size distribution of the 
NPs. The data adjustment was carried out assuming a 
LogNormal distribution, where it was determined that the 
diameter of the NPs is 57 ± 3.2 nm. The EDS analysis of 
the Fe@SiO2 nanoparticles showed the peaks corresponding 
to Fe, O, and Si (Figure 5d). According to the composition 
table, the highest percentage corresponds to the ferrite 
(Fe) associated with the nanoparticle. The percentage of 
Si is due to the coating made to this nanoparticle.

With this size, NPs are viable for use in the early diagnosis 
and study in real-time of the mechanisms triggered under 
neuroinflammatory conditions since different studies have 
shown that nanoparticles of approximately 200 nm and 
300 nm in size are capable of crossing the BBB26.

Figure 4. (a) 5x5 µm AFM image of Fe@SiO2 nanoparticles. The green line in the image indicates where the height profile was recorded. 
(b) Contour profile on the topography along the green line.

Figure 5. Representative SEM images of Fe@SiO2 nanoparticles. B) Size distribution of NPs (c) 602 kX magnification of Fe@SiO2 
nanoparticles. (d) EDS spectrum and representative elemental quantitative data of Fe@SiO2 nanoparticles.
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While SEM is useful to investigate size and 
morphology, DLS is important to quantify hydrodynamic 
diameter and polydispersity. This technique allows a more 
dynamic measurement as samples do not have to be dried. 
Figure 6a shows the hydrodynamic diameter of Fe and 
Fe@SiO2 nanoparticles measured by DLS. The average 
hydrodynamic size of the bare Fe nanoparticles is 100 nm 
and after coating the nanoparticles with SiO2, their average 
size increases to 122 nm. This increased size evidenced the 
formation of the SiO2 coating on the nanoparticles of Fe27. 
The DLS generally shows a larger particle size compared 
to that in XRD, AFM and SEM, because the particle size is 
attributed to an average hydrodynamic size of agglomerated 
nanoparticles. It has been identified that the surface charge of 
the nanoparticles affects the measurement of the hydrodynamic 
size of the sample in colloidal form28,29. In contrast, the dry 
samples that are generally used for TEM analysis do not 
present this alteration. On the other hand, by increasing the 
number of hydrophilic groups on the surface, the probability 
of undesirable agglomeration among nanoparticles increases.

The polydispersity index (PDI) represents the distribution 
of size populations within a given sample. The numerical 
value of PDI ranges from 0.0 (for a perfectly uniform sample 
concerning particle size) to 1.0 (for a highly polydisperse 
sample with populations of multiple particle sizes). The Fe and 
Fe@SiO2 nanoparticles showed a PDI = 0.15, representing that 
these systems are highly monodisperse. Although the latest 
FDA edition of the “Industry Guide” for Pharmaceuticals 
emphasizes the importance of size and size distribution as 
“critical quality attributes”, it does not mention the criteria 

for acceptable PDI. However, it has been established that 
for medical applications, a PDI of 0.3 and less is considered 
acceptable30.

Figure 6b shows the FTIR spectra of the Fe (blue line) 
and Fe@SiO2 (red line) nanoparticles for comparison. 
There is a peak attributed to Fe-O stretch vibrations at 
around 564 cm−1 in the spectrum of all the NPs synthesized. 
It proved the existence of Fe3O4 that was identified in 
the XRD of Figure 3. In the blue and red lines, the peak 
displays a slight deviation because of the influence of the 
bonds between Fe and Si. The peak at 958 cm−1 is for Si-O 
symmetric stretch, and the peak at 578 cm−1 is for Si-O-Fe. 
The peak of 1061 cm−1 in the red line essentially represents 
the characteristic Si-O-Si peak, and the peak of 970 cm−1 is 
the Si-O bond stretch vibrations. The comparison of the blue 
line and red line indicates that the magnetic particles are 
successfully coated by SiO2 coating. And there are H-O-H 
groups and O-H groups around the SiO2 surface suggested 
by the peak of 1621 cm−1 and 3000 cm−1. In all spectra, the 
absorption bands at 3650 - 3100 cm−1 correspond to O-H 
stretching mode31.

Figure 7 shows the temperature dependence 
(50 K < T < 350 K) of the magnetization in an applied field 
(H = 500 Oe) after a different cooling process in the ZFC 
and FC modes. In the ZFC process, the nanoparticles were 
cooled from room temperature to 50 K without applying 
an external magnetic field; then, the magnetization was 
recorded as a function of temperature with an applied field 
(H = 500 Oe) during the heating process. In the case of field 
cooling (FC), the nanoparticles were cooled from 350 to 50 K 

Figure 6. (a) Hydrodynamic diameter distribution by DLS and (b) FTIR spectra of Fe (blue line) and Fe@SiO2 (red line) nanoparticles.

Figure 7. Temperature dependence of magnetization for field cooled (FC) and zero-field cooled (ZFC) nanoparticles under an applied 
field 500 Oe.
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in the presence of the external magnetic field (H = 500 Oe), 
and the magnetization as a function of temperature was 
recorded with decreasing temperature, which favors the 
moment of individual particles to reorient themselves along 
the applied field at low temperature. More nanoparticles 
follow the applied magnetic field direction with an increase 
in temperature and reach the maximum at the blocking 
temperature (TB)32.

The TB is defined as the temperature above which a 
particle has enough relaxation time during the observation 
time to revert its moments to the orientation of the applied 
field33. Therefore, the ZFC magnetization curves appear 
maximum at the blocking temperature TB, at which the 
relaxation time is equal to the time scale of the magnetization 
measurements (Table 2). The substantial increase in ZFC 
magnetization below TB can be explained by some small 
particles contribution with a blocking temperature lower 
than 117.127 K.

The ZFC-FC curves showed that as the temperature increases 
from 50 to 350 K, the ZFC magnetization increases first and 
then decreases after reaching a maximum of 300 K (Figure 7). 
This result indicates that the synthesized nanoparticles show a 
paramagnetic behavior at room temperature. For synthesized 
systems, the FC magnetization increases as the temperature 
decreases to approximately 240 K. Thus, the magnetization 
becomes almost constant as the temperature decreases 
to 50 K, which is evident in the existence of a spin-glass 
surface structure34,35. The spin-glass behavior results from 
extensive interactions between particles, while the result 
that the spin-glass at the surface can be caused by the frozen 
disorganized surface spins36.

The hysteresis loops at room temperature varying 
the field from -30 kOe to 30 kOe are shown in Figure 8. 
All curves showed coercivities and retentivity different from 
zero, providing a ferromagnetic shape5. The Fe@SiO2 and 
Fe@SiO2/Pe systems exhibited total saturation in a magnetic 
field of 20 kOe. As the external magnetic field increases, the 
magnetization first increases rapidly and then reach saturation. 
The saturation (Ms), remanence (Mr), and coercive fields (Hc) 
magnetizations are shown in Table 2. The results showed 
a lower value for the nanoparticles functionalized with the 
peptide attributed to reducing the relative content of Fe when 
coating with the diamagnetic contribution SiO2. Compared 
to uncovered iron, the magnetization of saturation of the 
Fe@SiO2 nanoparticles increased due to the diamagnetic 
contribution of the silica shell resulting in a high mass 
fraction of the magnetic substance37. The magnetic properties 
obtained from Fe@SiO2 and Fe@SiO2/Pe allow them to be 
used as magnetically separable catalysts that can be easily 
separated from a reaction mixture when using relatively low 
fields and in biomedical applications 38.

3.2. Biomarker peptide binds to Fe@SiO2 
nanoparticles

To determine the binding of the biomarker peptide to the 
Fe@SiO2 nanoparticles, we used a biotinylated peptide and 
a streptavidin-HRP system to detect the functionalization 
(Figure 9). The non-functionalized Fe@SiO2 nanoparticles 
and the control displayed similar absorbance levels indicating 
that Fe@SiO2 nanoparticles would not contribute significantly 
to the absorbance obtained in the conjugate. In contrast, the 
functionalized Fe@SiO2 nanoparticles showed a significant 
increase in the absorbance levels in comparison with the control 
(p = 0.0004), the biotinylated peptide (p = 0.0010), and the non-
functionalized Fe@SiO2 nanoparticles (p = 0.0004). Although 
the absorbance of the biotinylated peptide indicates a nonspecific 
binding on the plate’s surface, the absorbance of the nanoparticle 
conjugated with the peptide evidence the binding between both 
components in a significant way. Indeed, the absorbance of the 
conjugate exceeds four times the value observed for the non-
functionalized Fe@SiO2 nanoparticle (Figure 9).

Surface‐Functionalized metal Fe@SiO2 has been widely 
used for biomedical applications39. Fe@SiO2 nanoparticles 

Table 2. Magnetic parameters, saturation magnetization (Ms), 
coercivity (Hc), and blocking temperature (TB) of the nZVIs.

Sample Ms (emu/g) 
300 K

Mr (emu/g) 
300 K

Hc (Oe) 
300 K TB (K)

Fe@SiO2 173.134 19.232 302.564 113.909

Fe@SiO2/Pe 119.482 17.333 338.573 117.127

Figure 8. Room temperature, magnetic hysteresis loops of Fe@SiO2, 
and Fe@SiO2/Pe. Inset: Extended hysteresis loops.

Figure 9. Detection of functionalization of Fe@SiO2 nanoparticles 
with the biomarker peptide. The binding of the peptide to the Fe@
SiO2 nanoparticles was detected through a biotin-streptavidin-HRP 
system. Data are expressed as normalized values ± SEM (n=2). 
Statistical differences were determined by Student’s t test: *p = 0.0010, 
** p = 0.0004 and *** p = 0.0004.
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conjugated with biomarkers could be used to detect 
molecular changes under pathological conditions or for 
controlled drug loading/releasing. These nanoparticles were 
conjugated with a peptide biomarker to detect alterations 
in the brain parenchyma, specifically to the BBB under 
neuroinflammatory conditions. In this work, Fe@SiO2/Pe 
nanoparticles was proposed as potential candidates to be 
used as MRI contrast agents for their outstanding magnetic 
properties40 and the biocompatible-coating of nZVI could 
make them potential candidates for biomedical application41. 
Nevertheless, additional studies are required to confirm 
Fe@SiO2/Pe nanoparticle’s effectiveness in the detection 
of neuroinflammatory alterations under in vivo models.

4. Conclusion
The synthesis, structural, morphological, chemical and 

magnetic characterization of the Fe@SiO2 and Fe@SiO2/Pe 
nanoparticles was made, and allowed determine a size of 
54 ± 10 nm with low polydispersity, spherical in shape, with 
crystalline phases favoring their superparamagnetic properties. 
The silica coating of the nanoparticles generates an increase 
in size and a minimum shielding of the magnetic properties 
preventing further oxidation of the nZVI. The peptide was 
effectively conjugated with the superparamagnetic nZVI 
highlighting its potential as specific contrast agent for 
diagnosis of neuroinflammatory pathologies by MRI.
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