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Abstract
Surface derivatized magnetic nanoparticles have been commonly used for magnetic separation. Facile mechanisms are needed 
to be developed for the design of bio-functionalized magnetic hybrid materials, where the surfaces can be re-generated 
for the re-use of the developed platforms. Superparamagnetic iron oxide nanoparticles with a diameter below 10 nm were 
synthesized via a novel microwave-assisted hydrothermal method in the presence of citrate ions, which allowed to obtain 
uniform and negatively charged nanoparticles. These were then coupled with Poly-l-lysine (PLL), forming micrometer-
sized self-assembled spherical entities. Cross-linking the PLL within these microspheres with glutaraldehyde stabilized 
them chemically and mechanically. The active bio-functionality was introduced by a protein grafting methodology, using 
m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester (SMBS). The Moringa oleifera Coagulant Protein (MOCP) from a 
seed extract was employed for its characteristic coagulation activity. The performance of the MOCP functionalized micro-
spheres was evaluated as a function of turbidity removal of problematic colloidal clay from water via magnetic separation, 
resulting in over 80% of activity within 15 min. Surface of these hybrid materials can be re-generated by treatment with 
alcohol, allowing their easy magnetic separation and re-use. The rapid and strong response with tunable magnetic property 
makes these hybrid microspheres a powerful tool for many potential applications, due to the general applicability of the 
developed methodology.

Keywords Bio-functionalization · Superparamagnetic microspheres · Hybrid platform · Protein grafting · SPIONs · 
Turbidity removal

Abbreviations
DLS  Dynamic light scattering
TGA   Thermal gravimetric analysis
FTIR  Fourier-transform infrared spectroscopy
VSM  Vibrating-sample magnetometry
XRD  X-ray powder diffraction
UV–Vis  Ultraviolet–visible spectroscopy
NPs  Nanoparticles
MW  Microwave

SPIONs  Superparamagnetic iron oxide nanoparticles
C-SPIONs  Citrate-enriched SPIONs
SAPES  Self-assembled polyelectrolytic spheres
MOCP  Moringa oleifera coagulant protein
MO-SAPES  MOCP-functionalized self-assembled poly-

electrolytic spheres
GA  Glutaraldehyde
Gly  Glycine
TSC  Tri-sodium citrate
PLL  Poly-l-lysine
SMBS  m-Maleimidobenzoyl-N-hydroxysulfosuc-

cinimide ester

Introduction

Nanoparticles (NPs) have widely been applied to develop 
novel environment-friendly methods and techniques. These 
constitute an advancement to traditional manufacturing, dra-
matically reducing the contamination or negative impact, 
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to the environment (Cui et al. 2019; Wang et al. 2018). 
Chemical mechanical polishing slurries (Zhang et al. 2019), 
diamond wheels (Zhang et al. 2015) and novel machining 
methods (Zhang et al. 2013) have been employed in a wide 
spectrum of fields, such as aerospace, ocean, nuclear, and 
power engineering (Zhang et al. 2012).

Furthermore, magnetic NPs are nowadays used in almost 
every area of application from food (McClements and Xiao 
2017) to contrast agents for imaging-magnetic resonance 
imaging (MRI) (Busquets et al. 2015), X-ray imaging (Jus-
tin et al. 2017), sensors and detection, water remediation 
(preconcentration, separation, and capture of analytes) 
(Beveridge et al. 2011), cancer treatments (Storozhuk and 
Iukhymenko 2019; Mody et al. 2014), etc. The high surface-
to-volume ratio of nanoparticles indeed enables novel prop-
erties which can be tuned by their size control.

Superparamagnetism (SPM) is a desired characteristic 
of magnetic NPs, where colloidal stability and magnetic 
field responsive particles are deemed essential, especially 
in biological (Neuberger et al. 2005; Lu et al. 2017) and 
environment-related applications (Yantasee et al. 2007). The 
synthesis methods can be tuned to obtain NPs with size and 
surface properties adjusted to a specific application. Super-
paramagnetic iron-oxide NPs (SPIONs) have been previ-
ously synthesized using solution precipitation, thermolysis 
and hydrothermal reactions (Daou et al. 2006; Yoffe et al. 
2012; Patsula et al. 2016). Microwave (MW) assisted hydro-
thermal synthesis is a flexible, highly controllable, repro-
ducible and energy-efficient method for the synthesis in 
nanoscale (Gawande et al. 2014; Saxena et al. 2019). MW 
assisted hydrothermal method was recently used for a high-
yield synthesis of high quality and water dispersible SPIONs 
(Carenza et al. 2014).

In recent years, there has been a considerable interest in 
the development and employment of hybrid nanomaterials 
for energy harvesting (Wang et al. 2010; Tsai et al. 2017), 
storage (Zhou et al. 2013), medical imaging (Cheng et al. 
2014) and relevant environmental issues, including water 
treatment (Okoli et al. 2012). Specifically, surface derivat-
ized magnetic NPs are developed for separation and pre-
concentration of common pollutants from water, where 
coating with inorganic components (e.g., silica); or modifi-
cation with organic molecules [e.g., octadecylsilane (ODS), 
polymer or surfactant] are commonly utilized (Chen et al. 
2011). The bottom-up approach to synthesize hybrid materi-
als utilizes NPs as core constituents, and polymers or com-
plementary entities to form stable and bio-friendly material 
platforms with a higher complexity for specific applications 
(Zhang et al. 2008). The controlled assembly of SPIONs 
has been demonstrated to be a successful route to synthesize 
stable SPM microspheres (Ramanujan and Chong 2004). 
Several methods as emulsion (Kondo et al. 1994) and disper-
sion (Horák et al. 2003) polymerization were proposed for 

nanoparticle aggregation. “Click Chemistry” is a term that 
was introduced by Sharpless in 2001 to describe reactions 
that are high-yield, wide in scope, create only byproducts 
that can be removed without chromatography, are simple 
to perform, and can be conducted in easily removable or 
benign solvents (Kolb et al. 2001). In recent years, a self-
assembly, or click-chemical, method was reported com-
bining polyelectrolyte complexation with a cross-linking 
process (Toprak et al. 2007a). The stability (Toprak et al. 
2007b) of the resultant spherical particles constitutes an 
important characteristics for protein or other type of bio-
molecule functionalization.

This work focuses on the assembly of bio-functionalized 
SPM microspheres, using the Moringa oleifera Coagulant 
Protein (MOCP), as a model functional protein, to obtain 
a hybrid magnetic platform with coagulation properties 
(Jahn 1988). The platform has a backbone composed of NPs 
and amino acid, held together by covalent bond. A green 
chemical MW assisted synthesis was used for the synthe-
sis of SPIONs capped with citrate. The bio-functionalized 
microspheres would constitute a green alternative to com-
mon coagulants associated with risks (Gauthier et al. 2000) 
and, due to the magnetic separation possibility, they are 
environmentally friendly and ready-to-use tools for separa-
tion purposes, for example in turbidity removal from water. 
This methodology represents an alternative to centrifuga-
tion, gravitational separation, and filtration processes, for 
both laboratory and industrial scales. Finally, the developed 
strategy to synthesize a stable, magnetically separable, bio-
functionalized platform has a wide range of potential appli-
cations, depending on the chosen target protein, and thus 
featuring the generality of the developed methodology.

Results and discussion

The experimental methods follow a bottom-up approach: 
after the synthesis of SPIONs, their morphological and 
magnetic properties were investigated. The characteriza-
tion of the cross-linked coacervates was performed to study 
their stability and functional properties. A wide variety of 
analytical techniques was used to evaluate the crosslinking 
with the target protein and a possible biological and promis-
ing application in water treatment for turbidity removal was 
demonstrated.

To show the predominant crystalline phase of the synthe-
tized particles, X-ray powder diffraction analysis (XRPD) 
was performed (Fig. 1). The diffraction pattern presents 
the characteristic peaks of cubic  Fe3O4—magnetite (ICDD 
card no: 88-0315; COD card no: 9005837). Using the Scher-
rer equation a crystallite size of 6.2 nm was obtained (see 
Supplementary information). This value is in a good agree-
ment with the average value of 6.1 nm obtained from AFM 
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(Figure S1) indicating the single-crystalline nature of the 
 Fe3O4 NPs.

Magnetic characterisation was performed on  Fe3O4 NPs 
to investigate their response to an external applied magnetic 
field (H) (Fig. 2). The absence of coercivity would indi-
cate the SPM character of the as-made iron oxide NPs. The 
obtained SPIONs have very low coercivity ( ΔHC = 2 Oe) 
due to their small size, and a saturation magnetization of 
72 emu/g, slightly lower than the saturation magnetisation of 
bulk magnetite (92 emu/g). The calculated magnetic diame-
ter is 6.1 nm (see Figures S2, S3 for details on the plot of the 
estimated probability density function and cumulative dis-
tribution function). The experimental data were fitted with 
a theoretical model, described by the following function:

where M is the magnetisation, MS is the saturation mag-
netization, L is the Langevin function and f (y) is the log-
normal distribution function with the reduced diameter y 
as independent variable (Chantrell et al. 1978). By numeri-
cally integrating, the magnetic diameter ( DM ), the coerciv-
ity ( ΔHC) the saturation magnetization of the sample was 
computed (Saladino 2019).

The coating with citrate ions on the NPs surface was 
investigated by the Fourier Transform Infrared Spectroscopy 
(FTIR); the resultant spectra for citrate alone (TSC) and cit-
rate coated SPIONs are shown in Fig. 3. The vibrational 
bands of citrate are clearly present in the SPIONs spectrum, 
the band at 1606 cm−1 (Band D) being attributed to asym-
metric stretching of COO. The band at 572 cm−1 (Band A) 
is attributed to vibrational mode of Fe–O in the SPIONs 
lattice (Ahn et al. 2001). A detailed spectral identification 
is presented in Table S1.

The organic content of the SPIONs was assessed by ther-
mal gravimetric analysis (TGA) (Fig. 4). The TGA ther-
mogram shows three different decomposition steps, until at 
about 660 °C. The first step until 180 °C can be attributed 
to water desorption, with a 2% weight loss; the second and 
third step (180–660 °C) is attributed to the partial decompo-
sition of citrate in two steps, with  CO2 evolution (Marcilla 
et al. 2018). The citrate coating of SPIONs constituted 7% 
of the total mass.

The SPIONs suspension with additional citrate (C-SPI-
ONs) was used for the coacervation process, to form 
micrometre-sized hybrid entities constituted by C-SPIONs 
and poly-l-lysine (PLL). The process was completed by 

M = MS

∞

∫
0

Lf (y)dy,

Fig. 1  XRPD pattern for as-made iron oxide NPs. The main crystal-
line planes are indexed with corresponding Miller indices of cubic 
 Fe3O4—magnetite (ICDD card no:88-0315; COD card no: 9005837)

Fig. 2  Magnetization curve for as-made iron oxide NPs

(a)

(b)

Fig. 3  FTIR spectra of a citrate coated SPIONs and b TSC
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intermolecular cross-linking part of amine groups of PLL 
macromolecules by glutaraldehyde (GA), which formed 
stable double-bond interactions, i.e. the Schiff base 
(Toprak et al. 2007a). The coacervation and cross-linking 
processes resulted in the formation of self-assembled poly-
electrolytic spheres (SAPES). The cross-linking process is 

shown in Scheme 1, where a GA molecule constitutes the 
bridge between two PLL macromolecules.

The coacervation and cross-linking processes were con-
firmed by changes in the FTIR spectrum (Fig. 5). The bands 
at 798 cm−1 and 1030 cm−1 correspond to C–H bending 
and C–N stretching, respectively. The band at 1655 cm−1 is 
associated with the C=N stretching mode, which is a strong 
indication of the success of the cross-linking process and 
subsequent formation of the Schiff-bases.

Further, we investigated the morphology and size of 
the SAPES using SEM (Fig. 6), highlighting some NPs on 
the surface, while most are contained inside the polymeric 
entity. The size measurements from SEM micrographs (Fig-
ure S4) were fit to a log-normal distribution accordingly 
to a model (Söderlund et al. 1998) predicting the size dis-
tribution of SAPES, shown in Figure S5. The average size 
obtained was 1.5 ± 0.5 µm, in agreement with the earlier 
reports (Toprak et al. 2007a).

The bio-functionalization was introduced by coating the 
SAPES surface with MOCP. The grafting methodology 
was designed by studying the amino acid sequence of an 
equivalent recombinant protein,  MO2.1, already present in 
UniProtKB, central hub containing functional information 
on proteins, with the identification code P24303. An online 
suite of tools, Phyre2, was employed to predict and ana-
lyse protein structure, function and mutations, based on a 
homology/analogy recognition engine (Kelley et al. 2015). 

Fig. 4  TGA thermogram of the SPION sample. Four decomposition 
stages are identified: (I) water desorption (25–180  °C), (II, III) cit-
rate decomposition in two steps (180–660 °C) and (IV) steady-state 
(> 660 °C)

Scheme 1  Cross-linking PLL 
macromolecules with GA 
within SAPES

Fig. 5  FTIR spectra of SPIONs 
and SAPES
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The platform provided the results with a confidence in the 
model of 99.9%, where 53 residues, constituting the 88% of 
the protein sequence, were modelled by the sweet protein 
mabinlin-2 chain b, coherently to previous studies (Gassen-
schmidt et al. 1995). The generated PDB file was analysed 
via the software Chimera. In Fig. 7, two cysteine residues, 
Cys12 and Cys25 are shown and highlighted on the protein 
ribbon structure of  MO2.1; each of them presents a sulfhy-
dryl group, which can be targeted by the heterobifunctional 
cross-linker SMBS, presenting two functional groups, NHS 
ester and maleimide.

The maleimide group can, hence, be used to covalently 
bind the sulfhydryl group of the two cysteine residues of 
 MO2.1, and, equivalently, of MOCP. Whilst, the NHS ester 
allowed the binding with free amine groups remained on 
the SAPES. The grafting procedure was confirmed with �
-potential analyses on SAPES and on protein-grafted sample 
(MO-SAPES) at neutral pH. The charge on SPIONs was 
negative (− 36 mV), due to the presence of citrate mole-
cules. Upon coacervation and GA cross-linking the surface 

charge changes to positive values, (+ 6.7 mV), due to the 
amine groups on the PLL entities in SAPES. Upon MOCP 
conjugation, a dramatic increase in the surface potential, 
from + 6.7 mV of SAPES to + 30.2 mV for MO-SAPES, 
was observed, confirming the presence of the protein on the 
surface (Fig. 8).

Furthermore, the hydrodynamic size of MO-SAPES enti-
ties was estimated using DLS, which showed an increase in 
the size of more than 1 µm for MO-SAPES, from 2.5 µm of 
SAPES to 3.9 µm. This is ascribed to the large protein mol-
ecules bound to SAPES surface and its surface-bound water 
molecules. A comparison of their distribution is shown in 
Figure S6.

To verify the correct covalent grafting by SMBS, the 
UV–vis spectroscopy was utilized to identify the absorption 
peak from the benzyl groups present in the cross-linker. The 
absorption peak at 270 nm appears in the protein-grafted 
microspheres spectrum (MO-SAPES), confirming the pres-
ence of covalently bound protein (Fig. 9). This is corrobo-
rated by an organic layer observed on the spherical entities 
in the SEM micrograph, attributable to the grafted protein 
(Figure S7).

The active bio-functionalization of the MO-SAPES was 
demonstrated via the characteristic coagulation property 
of MOCP, for turbidity removal from polluted water. The 
activities of SAPES and MO-SAPES (containing 170 µg 
SPIONs), MOCP (1 µg) and only clay solution ( I0 = 1.14 ) 
in 1 mL sample after 15 min were compared. To exclude the 
passive sedimentation effect, all the samples were mixed 
before applying a magnetic field and separating the collected 
entities. In the sample with only clay, a 30% of activity was 
recorded, which is dominantly due to passive sedimenta-
tion. By the addition of MOCP, the activity increased only 
by 1%, reaching to 31%, due to the limited interaction time 
of 15 min. The activity was increased to 47% when using 

Fig. 6  A typical SEM micrograph of a cross-linked coacervate, 
SAPES

Fig. 7  MO2.1 Ribbon Structure highlighting cysteine residues with 
the ball-and-stick structures

Fig. 8  �-Potentials for SPIONs, SAPES and MO-SAPES at neutral 
pH
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SAPES, due to a combined effect of magnetic separation 
and their strong positive surface charge. The coagulation 
functionality of MO-SAPES was confirmed as 83% of activ-
ity, which is dramatically improved owing to the covalently 
surface bound MOCP (Fig. 10).

The characteristic morphology of kaolin clay (Asma 
Muhmed 2013) is clearly identifiable as electrostatically 
attached microstructures on the surface of MO-SAPES 
after magnetic separation, shown in the SEM micrograph 
in Fig. 11.

Chemicals commonly used for the various treatment 
units, as synthetic organic and inorganic substances, to 
remove pollutants—such as clays causing turbidity in water, 
and chemical residues—are also associated with human 
health and environmental problems (Gauthier et al. 2000). 
Safer alternatives are natural products as specific proteins 

extracted from plants that possess coagulation properties and 
can be used for the collection and separation of water pollut-
ants, such as clays (Yin 2010). The designed hybrid material 
in this respect can be a useful coagulation and separation 
platform for a variety of applications, not to mention the val-
idation for removal of turbidity from water containing clays. 
Furthermore, their surface can be re-generated by treatment 
with alcohol, making them re-cyclable and re-usable.

Conclusions

We successfully demonstrated the use of green-chemical 
synthesis in connection with the self-assembly process and 
click chemistry, to fabricate multifunctional complex hybrid 
materials with a bio-active surface. The presented synthetic 
route resulted in bio-functionalized and environmentally 
friendly microspheres, with efficient applicability in pollut-
ant removal. By combining the magnetic properties of SPI-
ONs, embedded in the PLL matrix, and coagulation proper-
ties of the grafted MOCP, we showed significant activity 
values in the turbidity removal test, reaching over 80% for 
MO-SAPES. The stability provided by covalent bonds con-
stitutes the essential requirement for a future regeneration 
process. The tunability of the whole process for the assem-
bly of the bio-functionalized hybrid material platform opens 
avenues to a wide variety of environmental and biomedical 
applications, where the non-permanent magnetic character-
istics and functional surface would play a key role.

Methods

Ferric chloride hexahydrate  (FeCl3·6H2O, 97%), ferrous sul-
fate heptahydrate  (FeSO4·7H2O, 99%), sodium hydroxide 
(NaOH, 98%), sodium citrate dihydrate  (Na3C6H5O7·2H2O, 

Fig. 9  UV–vis spectra of SAPES and MO-SAPES

Fig. 10  Activities for only clay, MOCP, SAPES and MO-SAPES 
samples for turbidity removal via magnetic separation

Fig. 11  SEM Micrograph of a hybrid microsphere MO-SAPES cov-
ered with clay
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TSC, 99.5%), Poly-l-lysine hydrobromide (70 − 150 kDa, 
PLL), Glutaraldehyde solution (25% in  H2O, GA), Glycine 
(Gly, 99%) and PBS tablets were all purchased from Sigma 
Aldrich. The cross-linker m-maleimidobenzoyl-N-hydrox-
ysulfosuccinimide ester (SMBS) was bought from Thermo 
Fisher.

Nanoparticle synthesis 3.622 g of ferric chloride was dis-
solved in 130 mL of deionized (DI)  H2O, while 1.825 g of 
ferrous sulfate in 130 mL of DI  H2O, to get a stock solu-
tion with a concentration of 0.1 M and 0.05 M, respectively. 
Furthermore, stock solutions of TSC (0.5 M) and sodium 
hydroxide (1 M) were prepared. To a mixture of 16 mL of 
ferric chloride and 16 mL of ferrous sulphate, 6.8 mL of 
NaOH was added, followed by the dissolution of 16 mL of 
TSC. The sample was treated under microwave irradiation 
of flexi-WAVE (Milestone SRL), according to the following 
recipe: a temperature of 150 °C was reached with a 5-min 
ramp and kept constant for a duration of 25 min. A frequency 
of 2.45 GHz was employed, under continuous magnetic stir-
ring (70% mode). The sample was then washed three times, 
via centrifugation, to remove the residuals of the reaction.

Coacervation process 20 mg of PLL was dissolved in 
10 mL of DI water, while a 2.5 M solution was made for Gly; 
finally, a 2.5% GA stock solution was prepared. From the 
washed sample of SPIONs, 375 μL aliquot was diluted to a 
total volume of 15 mL with DI water. To this sample, 165 μL 
of 0.5 M TSC was added, followed by 3 s-pulsed sonication 
for 30 min. Thus, 120 μL of C-SPIONs were mixed with 
20 μL of PLL and incubated for 10 min. Then, 120 μL of 
GA was added (vortex for 15 s) and let it react for 5 min to 
accomplish the crosslinking of the amine groups from dif-
ferent PLL molecules, via Schiff base formation (Tong et al. 
2005). Finally, the extra GA was quenched by adding 40 μL 
of Gly (Toprak et al. 2007a). Following this procedure, 10 
samples were prepared in parallel and collected together in 
a 4 mL cuvette after quenching. Magnetic separation was 
employed for the washing procedure to remove all the non-
magnetic entities present in solution. Finally, the sample, 
called SAPES, was diluted to 2 mL of DI water and stored 
for further uses.

Protein extraction The protein from M. oleifera seeds 
was extracted and purified as previously described (Ghe-
bremichael et al. 2005). Oil was removed from the seed 
kernel using ethanol followed by extracting protein with 
ammonium acetate buffer. The protein was purified by Ion 
exchange beads by batch purification method. The coagula-
tion activity of the protein has been examined in synthetic 
turbid water (clay solution) by mixing protein and clay using 
UV–Vis spectrophotometer, as detailed below.

Protein grafting A standard sample was obtained using 
3 mL dispersion of SAPES, where DI water was substituted 
by PBS via magnetic separation. Thus, 3 mg of SMBS was 
added to the sample and followed by an incubation time 

of 30 min. Therefore, 300 μL of MOCP (3 mg/mL) was 
quickly added in the dispersion, letting the thiol groups be 
crosslinked for 1 h. The sample was washed and refilled with 
3 mL of DI water. Called MO-SAPES, it was stored at 4 °C.

Characterization techniques

The hydrodynamic size, based on dynamic light scattering 
(DLS), and �-potential distributions were measured at room 
temperature with Zetasizer Nano ZS90 at an incident angle 
of 90°. All samples were diluted in DI  H2O at neutral pH. 
The measurements were performed in triplicates.

Thermal gravimetric analysis (TGA) was done using 
TGA 55 (TA Instruments). The dried samples were heated 
from 25 °C to 750 °C with 20 °C/min heating rate and a 
nitrogen flow rate of 60 mL/min.

Fourier-transform infrared spectroscopy (FTIR) was used 
to obtain infrared spectra in transmission mode (KBr Mini-
Pellet Press, Specac) with a Thermo Scientific Nicolet iS20 
FTIR spectrometer in the 4000–450 cm−1 range.

The magnetization curve of samples was measured on 
dried sample with Vibrating-Sample Magnetometry (VSM, 
Lake Shore 7300-series). The field intensity maximum was 
fixed at 5 kOe and the instrument scanned the range [− 5; 
5] kOe twice.

X-ray powder diffraction (XRPD) was used to identify 
the crystalline phase of the nanoparticles on a PANalytical 
X’Pert PRO Alpha-1, equipped with a Copper anode (Cu-K1 
radiation) with a step size of 0.24° in continuous mode and 
a scan speed of 0.04°/s.

Ultraviolet–visible spectroscopy (UV–Vis), was per-
formed using Nanophotometer NP80 (IMPLEN) in 2 mL 
quartz cuvettes with a path length of 1 cm. A quantitative 
estimation of the microsphere functionality was given by 
the activity � , related to the relative amount of turbidity 
removed by magnetic separation:

where I0 is the initial absorbance of the sample and If the 
absorbance after magnetic separation. The standard turbid-
ity was quantified using a Clay Solution (Kaolin, 1% by wt) 
which approximately possesses a unitary absorbance for 
light with wavelength � = 500 nm.

Scanning electron microscopy (SEM) was done on a 
FEI Nova 200 system at 10 keV acceleration voltage. The 
samples were prepared by dropping 10 µL of dispersion on 
a graphite-coated aluminium holder and air dried at room 
temperature.

The iron concentration in nanoparticle suspension 
was measured with Inductively Coupled Plasma Atomic 

� = 1 −
If

I0
,
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Emission Spectroscopy (ICP-AES), using Thermo Scientific 
ICAP 6500 system.

Atomic force microscopy (AFM) was performed using 
an AFM Bruker Dimension FastScan Bio for the imaging of 
10 µL of dried sample on a silica wafer, setting the scan rate 
to 1 Hz and the tip velocity to 0.303 m/s. Size distribution 
analysis was attained by measuring the size of approximately 
150 entities.
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