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Magnetic Particles used in a New Approach for Designed Protein 
Crystallization 
Raquel dos Santosa, Maria João Romãoa, Ana Cecília Roquea*, and Ana Luísa Carvalhoa* 

After more than one hundred and thirty thousand protein structures determined by X-ray crystallography, the challenge of 
protein crystallization for 3D structure determination remains. In the quest for additives for efficient protein crystallization, 
inorganic materials emerge as an alternative. Magnetic particles (MPs) are versatile inorganic materials, easy to use, modify 
and manipulate in a wide range of biological assays. The potential of using functionalised MPs as crystallization chaperones 
for protein crystallization was shown in this work. MPs with distinct coatings were rationally designed to promote protein 
crystallization by affinity-triggered heterogeneous nucleation. Hen egg white lysozyme (HEWL) and trypsin, were crystallized 
in the presence of MPs either bare or coated with a polysaccharide (chitin) or a protein (casein), respectively. The addition 
of MPs was characterized in terms of bound protein to the MPs, crystal morphology, time-lapse of crystal emergence, 
crystallization yield fold change and crystal diffraction quality for structure determination. The MPs additives have shown to 
bind to the respective target protein, and to promote nucleation and crystal growth without compromising crystal 
morphology. On the other hand, MPs addition led to faster detectable crystal emergence and up to 13 times higher 
crystallization yield, addressing some the challenges in protein crystallization, the main bottleneck of macromolecular 
crystallography. Structure determination of the protein crystallized in the presence of MPs revealed that the structural 
characteristics of the protein remained unchanged, as shown by the superposition with PDB annotated proteins. Moreover, 
and unlike most reported cases, it was possible to exclude the inhibitor benzamidine during trypsin crystallisation, which is 
a remarkable result opening new prospects in enzyme engineering and drug design. Our results show that MPs coated with 
affinity ligands to target proteins can be used as controlled and tailor-made crystallization inducers. 

Introduction 
High-resolution structure determination of macromolecules, 
alone or in complex with ligands, is a powerful tool in protein 
engineering and drug design. Protein structural information is 
one of the key steps to control or improve its function, by 
rationally designing small binding molecules 1 (e.g. agonist or 
antagonist drugs), or by engineering mutants with a desirable 
biological activity 2. On the other hand, the three-dimensional 
high-resolution structure of molecular complexes can unveil 
macromolecule-ligand interactions enhancing its 
biotechnological applications in fields such as biocatalysis 3, 
sensing material development 4, macromolecule function 
redesign 5, or in the downstream processing field 6.  
One of the most powerful tools for high-resolution structure 
determination is X-ray crystallography, providing a 3D structure 
with atomic resolution of a single protein, protein-DNA 
complex, protein-protein or a protein-ligand complex. X-ray 
crystallography requires high-quality protein crystals for X-ray 

diffraction. However, the major bottleneck still lies in finding 
the conditions that give rise to diffraction-quality single crystals, 
added to reliable reproducibility. This can be overcome by 
developing new and more efficient crystallization screening 
protocols, but also by introducing new additives that can act as 
nucleation agents for protein crystal growth. These additive 
compounds, also designated as nucleants, promote 
heterogeneous nucleation, often occurring on a surface in 
contact with the protein/precipitant solution 7. Most 
commonly, although poorly understood, impurities can 
promote nucleation. 
Protein crystallization occurs under saturated conditions, by 
changing the protein environment until exceeding the protein 
solubility limit, leading to nucleation and crystal growth. The 
supersaturation environment is often empirically determined. 
Although classical nucleation theory and phase diagram plots 
may enlighten the interactions promoting protein 
crystallization, the fact is that protein crystallization is still an 
empirical process. The formation of a protein crystal starts with 
the nucleation phase in which the protein molecules, in the 
supersaturated solution, become arranged in a specific 
repetitive pattern, characteristic of the crystalline form. Then, 
additional protein molecules are deposited on the nucleus 
surface and the crystal grows in progressive layers. To overcome 
some of the protein crystallization challenges (onset of 
nucleation, reduce solvent content or prepare heavy atom 
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derivatives), new additives with nucleation properties are 
frequently tested 8,9. Traditional additives commonly found in 
the crystallization screening protocols rely mainly on 
surfactants, organic compounds (e.g. 2-propanol, 1,4-dioxane 
or glycerol), mono- and multivalent salts, reducing agents (e.g. 
dithiothreitol, 2-mercaptoethanol and tris(2-
carboxyethyl)phosphine (TCEP)), amino acids or 
monosaccharides. New additives can be of biological source, 
such as DNA origami 10 and cyclic oligosaccharides 11, or of non-
biological origin as small synthetic ligands 9 or nanoscale 
materials 12. In particular, new nanoscale materials, namely 
nanoparticles made of gold, porous silicon or nanodiamonds, as 
well as carbon nanotubes, have already been successfully used 
as nucleation agents to trigger crystal growth in different 
protein crystallization studies for 3D structure determination 13–

17. 
Magnetic particles with an iron oxide (Fe3O4) core, typically with 
core-shell structures, are another class of nanomaterials used in 
the context of protein crystallization. Among the advantages of 
magnetic particles, they are low cost, easy to produce and 
handle, and able to be tailored with different coatings and 
functionalization. In addition, and due to their 
superparamagnetic core, these particles can be easily separated 
from a solution by applying an external magnetic field and have 
the potential to be reversibly resuspended back in solution in 
magnetic fishing separation  18–20. 
Here, we studied the potential of using magnetic particles as 
additives in protein crystallization. Two proteins were selected 
as model case studies: hen egg white lysozyme (HEWL) and 
bovine pancreatic trypsin. To promote the selective binding of 
the target protein to the surface of the magnetic particles, 
known affinity ligands for HEWL and trypsin were coated to the 
surface of the particles. Each affinity ligand was selected based 
on previous knowledge about its interaction with the target 
protein. Chitin was the polysaccharide of choice to bind HEWL 
21, and casein was selected as the biological ligand for trypsin 22. 
The obtained protein single crystals were further evaluated in 
terms of X-ray diffraction quality. Our results indicate that the 
presence of magnetic particles as crystallization additives did 
not significantly affect the maximum resolution limits or unit 
cell parameters, maintaining crystal isomorphism when 
compared to native conditions. Furthermore, the addition of 
magnetic particles led to the increase of crystallization yield and 
remarkably enabled the reproducible crystallization of trypsin 
in the absence of its inhibitor benzamidine, often required in 
trypsin crystallization assays. 

Results and discussion 
The effect of magnetic particles as additives in crystallization 

Magnetic particles (MPs) were produced and chemically 
modified with affinity ligands tailoring each of the target 
proteins, namely MP-chitin for hen egg white lysozyme (HEWL) 
and MP-casein for trypsin. In brief, MPs were characterized by 
Fourier-transform infrared spectroscopy (FT-IR), transmission 
electron microscopy (TEM), dynamic light scattering (DLS) and 

zeta potential (Fig. S1 and Table S1, †ESI). Particles with a 
spherical shape and 5 - 10 nm in diameter (confirmed by TEM) 
were successfully functionalized (confirmed by FT-IR spectra; 
Figure S1A-B, †ESI). DLS and zeta potential analyses were 
performed both in water and in the crystallization conditions for 
each target proteins. Overall, bare MPs (MP-Fe3O4) present a 
smaller hydrodynamic diameter when compared with the 
functionalized MPs in water and in the respective crystallization 
conditions. Regarding the zeta potential, MP-Fe3O4 and 
functionalized MPs present the same range of stability in water 
and in the respective crystallization conditions (Table S1, †ESI). 
Crystal growth and crystallization yield (yield fold change) were 
assessed using MP-Fe3O4 as nucleation agent for HEWL 
crystallization. Crystal size measurement was impaired by the 
opacity of MPs in the crystallization drop, hence this was not a 
reliable method to assess the influence of MPs in protein crystal 
growth (Fig. 1A). Nonetheless, having MP-Fe3O4 as additives 
enhanced HEWL crystal growth in all concentrations tested, 
from 0.5 mg/ml up to 4 mg/ml of MPs. The yield fold change, 
always having as threshold the HEWL crystallization in the 
absence of MPs, demonstrated the positive effect (crystal yield 
>1) of MPs as additives by enhancing the mass of protein 
crystallized per assay (Fig. 1B). The data suggested an 
association between the concentration of MPs added and an 
increase in protein crystallized. An increase from 1.5 to 1.9 in 
yield fold change was observed in the presence of 0.5 and 4 g/l 
of MP-Fe3O4, respectively. Since the increase of crystal growth 
was not proportional to the increase in MP concentration, for 
subsequent assays, 0.5 mg/ml of MPs were used as standard 
MPs concentration to facilitate observations at the microscope. 
The effect of the addition of MP-Fe3O4 (0.5 mg/ml) was also 
assessed in the crystallization of trypsin. These additives had a 
notorious effect in the amount of trypsin crystallized, as seen in 
the major difference in amount of protein crystallized in the 
presence and absence of MP-Fe3O4 (Fig. 1C), with up to 12 times 
more protein crystallized in the presence of MP-casein. 
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The effect of affinity-triggered magnetic crystallization 

As HEWL binds to chitin 21, iron oxide MPs coated with chitin 
(MP-chitin) were evaluated in terms of binding capacity under 
the HEWL crystallization conditions (Table 1). The binding assay 
of HEWL at 25 mg/ml to both particles - MP-Fe3O4 and MP-chitin 
- at 0.5 mg/ml showed yields higher than 50% (>12.5 g HEWL/g 
support, Table 1). The static binding capacity data of both 
isotherms were fitted to the Hill plot, since it was the best model 
to fit the MP-chitin/HEWL binding, to assess the binding 
parameters for HEWL to both MP-Fe3O4 and MP-chitin. The 
summarized data is shown in Table S2 (†ESI). The static binding 
capacity data (Table 1 and Table S2, †ESI) suggested that HEWL 
binds to both MP-Fe3O4 and MP-chitin at static conditions, as 
indicated by the Qmax calculated, Ka and Hill coefficient.  

Figure 2. HEWL (25 mg/ml) crystallization in the absence and presence of MP-Fe3O4 and 
MP-chitin (0.5 mg/ml). Visual inspection of days 2, 3 and 4 of crystal growth. Black arrows 
indicate protein crystal.

Figure 1. Effect of MPs in protein crystal growth (n=3). (A) Average crystal longest 
length of visual measurement of HEWL crystals over 7 days in the presence of MP-
Fe3O4 at different concentrations: 0 mg/ml (■); 0.5 mg/ml (●); 1 mg/ml (▲); 2 mg/ml 
(♦) and 4 mg/ml (X). (B) HEWL (25 mg/ml) amount of protein crystallized in the 
presence of MP-Fe3O4 at different concentrations (0, 0.5, 2.0 and 4.0 mg/ml). (C) 
HEWL (25 mg/ml) and trypsin (60 mg/ml) crystallization yield fold change between 
crystals grown in the presence of no MP and 0.5 mg/ml of MP-Fe3O4. 
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Table 1. HEWL adsorption to MP-Fe3O4 and MP-chitin (n=3) and trypsin adsorption to 
MP-Fe3O4 and MP-casein in the presence and absence of benzamidine. Binding of 25 
mg/ml HEWL in 50 mM CH3COONa at pH 4.5 to 0.5 mg/ml of MP-Fe3O4 and MP-chitin in 
0.5 M NaCl (n=3). Binding of 60 mg/ml trypsin in 3 mM CaCl2 in the presence and absence 
of benzamidine in the protein solution to 0.5 mg/ml of MP-Fe3O4 and MP-casein in 0.2 
M (NH4)2SO4, 30% (w/v) PEG8000. 

 
Bound protein  

(g protein/g support) 

MP-Fe3O4 MP-affinity 

HEWL 17.8 ± 0.7 22.4 ± 1.1 

Trypsin (without 
benzamidine) 

206.4 ± 
1.7 

206.88 ± 2.2 

Trypsin (with benzamidine) 127.7 ± 
0.5 

126.4 ± 2.9 

 
A crystallization period of 4 days 13,16,23 was recorded to assess 
if the magnetic (MP-Fe3O4) and affinity-triggered magnetic (MP-
chitin) crystallization had an effect in crystal growth (nucleation 
time and maximum dimensions). As an example, Fig. 2 shows 
the time course of crystal growth for 3 drops with no MPs, MP-
Fe3O4 and MP-chitin. The affinity-triggered magnetic 
crystallization led to an earlier visible onset of HEWL crystals by 
day 2. The presence of MP-Fe3O4 did not cause such fast-

triggering effect in crystal nucleation as MP-chitin, but still 
HEWL crystals appeared at day 3, one day earlier than under the 
crystallization conditions without MPs. The condition with no 
MPs, not only led to a delayed crystal visible onset, but at the 
same time, by day 4 the crystal was 3 times smaller than in the 
presence of MPs (Fig. 2). This suggests that the non-specific and 
random binding of proteins to the bare iron oxide surface, does 
not trigger as efficiently crystal nucleation and growth, when 
compared to the specific and oriented binding of proteins to the 
affinity-functionalized MPs. 
 
Prior work demonstrated the feasibility of purifying trypsin from 
a complex mixture by magnetic fishing with iron oxide core MPs 
coated with casein 22. The binding capacity of trypsin to MP-
Fe3O4 and MP-casein was calculated in trypsin’s crystallization 
conditions, and binding results were best fitted by the Hill 
equation (Table 2 and Table S2, †ESI). Overall, the MP-casein 
performed better for trypsin binding than MP-Fe3O4 in terms of 
Ka and Qmax. Once again, the addition of MPs has a notorious 
effect in the amount of protein crystallized, as seen in the major 
difference in yield fold change in the presence and absence of 
MPs (Fig. 3A), with up to 13 times more protein crystallized in 
the presence of MP-casein. The increment of crystal growth was 
confirmed by visual inspection (Fig. 3B). 

Magnetic crystallization for proteases 

Trypsin, being a protease, is many times crystallized in the 
presence of benzamidine, a competitive inhibitor of trypsin, 
trypsin-like enzymes and serine proteases 24–26. In this work, the 
presence of benzamidine in the crystallization conditions was 
assessed in terms of trypsin’s binding capacity to both MPs - 
MP-Fe3O4 and MP-casein. Casein was chosen as an affinity-
triggered biological ligand for trypsin crystallization as it was 
reported to be a nonspecific substrate of the proteases 22. 
The binding capacity of trypsin to MP-Fe3O4 and MP-casein was 
determined in trypsin’s crystallization conditions – in the 
presence and absence of benzamidine (Table 1 and Table S2, 
†ESI). The presence of benzamidine impaired trypsin binding to 
both MPs (Table 1), as it was corroborated by the static binding 

capacity results (Table S2, †ESI). This could be due to 
benzamidine occupying trypsin’s binding site to the MPs or by 
benzamidine binding to the MPs. The presence of benzamidine 
led to lower Ka and Qmax, whereas the absence of benzamidine 
led to higher Ka, up to one order of magnitude higher (Table S2, 
†ESI). The higher Ka and Qmax observed in the absence of 
benzamidine raises the hypothesis that either benzamidine and 
casein bind to the same trypsin residues, hampering casein to 
bind trypsin, or some conformational change in trypsin occurs 
when bound to benzamidine, impeding casein to bind. Overall, 
the MP-casein performed better for trypsin binding than MP-
Fe3O4 in terms of Ka and Qmax, (Table S2, †ESI). Once established 
the effect of benzamidine in MPs binding, the effects in trypsin 
crystallization in the absence of MPs, presence of MP-Fe3O4 and 
MP-casein, with and without the addition of benzamidine, were 

Figure 3. Trypsin adsorption to MP-Fe3O4 and MP-casein (n=3). (A) Trypsin (60 mg/ml) amount of protein crystallized  in the presence of no MP; MP-Fe3O4 and MP-casein. (B) 
Trypsin (60 mg/ml) crystallization in the absence and presence of MP-Fe3O4 and MP-casein (0.5 mg/ml) in the with and without benzamidine (10 mg/ml) present in the protein 
solution. Visual inspection was performed at day 30 of crystal growth. White arrow indicates protein crystal.
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assessed (Fig. 3B). The presence of benzamidine led to higher 
nucleation rate and crystal size. In contrast, the lack of 
benzamidine in the crystallization drop led to protein 
precipitation and therefore, no crystal appearance in the drops 
without MPs and with MP-Fe3O4 (Fig. 3B). When no inhibitor 
was added, the only condition in which it was possible to 
achieve protein crystallization was in the presence of MP-
casein. The affinity-triggered crystallization led to crystal 
growth in conditions that otherwise would result in protein 
precipitation. Crystal growth was observed in 2 out of 3 
crystallization drops in which MP-casein were added, while 
excluding the inhibitor. 
 
X-ray diffraction studies 

To assess diffraction quality and isomorphism of the crystals 
obtained in the presence of MPs, in comparison to reported 
crystallization conditions for HEWL and trypsin, X-ray diffraction 
studies were performed to completion.  
Primary evaluation of the effect of MPs in crystal morphology 
was done by comparative analysis of the indexed space groups 
and cell parameters for the crystals of each protein. In the 
presence of the correspondent MPs, trypsin crystals kept the 
original P212121 space group, and the same happened with 
HEWL, which crystallized in space group P43212, as originally 
reported (Table 2). Unit cell parameters for HEWL in the 
presence of MPs were a=b=79.0 Å, c=37.0 Å and α=β=γ=90.0°. 
Unit cell parameters for bovine trypsin in the presence of MPs 
were a=54.2 Å, b=58.2 Å, c=66.3 Å and α=β=γ=90.0°. All unit cell 
parameters are within values comparable with the reference 
structures 27 (Table 2). After structure solution and refinement, 
the 3D structures were superposed (in PyMol, Cealign) with PDB 
available structures from crystals grown in similar precipitant 
conditions, but in the absence of the additives under study 

HEWL crystals grown in the presence of MP-chitin were 
superimposed to HEWL PDB ID: 6F1L 28, presenting an 0.5 Å root 
mean square deviation (r.m.s.d.) for 120 Cα atoms (Fig. 4A). The 
3D structure of trypsin obtained from a crystal grown in the 
presence of MP-casein and benzamidine was superposed with 
PDB ID: 5MNG 27, presenting an 0.26 Å r.m.s.d. for 216 Ca atoms 
(Fig. 4B).  
The X-ray crystallography results in this study show that 
magnetic particles can behave as nucleating agents without 
changing crystal morphology or protein structure. This is in 
accordance with previous studies on crystallization additives 12. 
 

Figure 4. Superposition of the 3D structures obtained from crystals grown in the presence 
of MPs with corresponding representative structures available in the PDB (rmsd values 
were calculated in PyMol Cealign). (A) HEWL 3D structure from a crystal grown in the 
presence of MP-chitin and HEWL from PDB ID: 6F1L, presenting a rmsd. of 0.92 Å for the 
matching of 120 C𝛂 atoms. (B) Trypsin 3D structure from a crystal grown in presence of 
MP-casein and trypsin from PDB ID: 5MNG, presenting a rmsd. of 0.26 Å for the matching 
of 126 C𝛂 atoms.
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Table 2. Affinity-triggered magnetic crystallization conditions. Proteins reported crystallization conditions and respective space group and unit cell parameters obtained by X-ray 
diffraction  27(to be published, for HEWL), and the affinity ligands used in the development of the affinity-triggered magnetic crystallization assay. 

 

Experimental 
Reagents and equipment 

All chemicals were at least 98% pure and solvents were pro-
analysis grade. All produced magnetic supports were 
characterized by Fourier-transform infrared spectroscopy (FT-
IR), dynamic light scattering (DLS), zeta potential and 
transmission electron microscopy (TEM). Infrared spectra were 
measured on a Tensor 27 FT-IR spectrometer from Bruker with 
dried MPs grounded and mixed with KBr (1:100). DLS and zeta 
potential (0.05 mg/ml solution in deionized water, pH 5.80, or 
other solution if otherwise stated) were measured on Dynamic 
Zetasizer NanoZS from Malvern instruments. TEM of magnetic 
particles samples were collected using Hitachi 8100 microscope 
operated with 200 kV of acceleration voltage with 
ThermoNoran light elements EDS detector and digital image 
acquisition. 
 
Preparation of iron oxide magnetic particles 

Fe3O4 magnetic particles (MP-Fe3O4) were prepared by the 
chemical co-precipitation method 20. Briefly, 0.225 M FeCl3 · 
6H2O (24.33 g in 400 ml of H2O) and 1.43 M FeCl2 · 4H2O (10.79 
g in 45 ml of H2O) were mixed under mechanical stirring until 
homogenization was achieved. A 25% aqueous ammonia 
solution (75 ml) was added to the mixture under constant 
mechanical stirring (200 RPM). The resulting mixture was 
vigorously stirred for 5 minutes. MP-Fe3O4 were separated by a 
magnet and washed with distilled water (10 times) until pH 7 
was reached.  
A suspension of 10 mg/ml MP-Fe3O4 was sonicated for 15 
minutes and further coated with a chitin (from shrimp shells) 
suspension (80 mg/ml; 20 mg in 2.5 ml), added dropwise to the 
MP-Fe3O4 suspension, under sonication. The mixture was 
incubated for 16 hours at 60°C with vigorous stirring (200 RPM). 
After this, the Fe3O4-chitin magnetic particles (MP-chitin) were 
separated by a magnet and washed (10 times) with distilled 
water. Chitin adsorption was measured by the anthrone 
method as previously described 21, with 90% adsorption 
achieved, yielding 7.2 mg chitin/mg MP-Fe3O4. 

The synthesis of Fe3O4-casein magnetic particles (MP-casein), 
was adapted from Alves and co-authors protocol 22. A solution 
of 10 ml of 0.225 M FeCl3 · 6H2O was added to 10 ml 1.43 M 
FeCl2 · 4H2O and next added to a 20 mg/ml casein (from bovine 
milk powder) solution in 100 mM Tris-HCl at pH 8.0. The mixture 
pH was adjusted to pH 11 using 25% ammonium hydroxide 
solution. Next, the mixture was incubated for 30 minutes at 50 
oC under orbital shaking (200 RPM). MP-casein were separated 
by a magnet and washed with distilled water (10 times) until pH 
7 was reached. The casein bound toFe3O4 magnetic core was 
quantified using absorption at 280nm, yielding 80% binding – 
1.6 mg casein/mg MP-Fe3O4. 
 
Static binding capacity 

MP-Fe3O4 (0.5 mg/ml) and MP-chitin (0.5 mg/ml) in 0.5 M NaCl 
were separately incubated with HEWL at different 
concentrations (0.2 to 5 mg/ml) in 50 mM CH3COONa at pH 4.5. 
MP-Fe3O4 (0.5 mg/ml) and MP-casein (0.5 mg/ml) in 0.2 M 
(NH4)2SO4 with 30% (w/v) PEG8000 were separately incubated 
with trypsin at different concentrations (0.2 to 5 mg/ml) in (a) 3 
mM CaCl2 with 10 mg/ml benzamidine and (b) 3 mM CaCl2. The 
interaction was promoted over 16 h at 20°C. The supernatants 
were collected, and fluorescence intensity was measured (λex = 
280 nm and λem = 340 nm). The adsorption phenomena 
followed a Hill isotherm (Equation 1) and the experimental data 
was fitted using OriginPro (v8.5.1). 
 

q=
!Qmax  ´	Ka×C1-n#

1+Ka×C1-n
                           Equation 1 

Where, q is the bound protein per mass of support (mg/g 
support) and C corresponds to the concentration of unbound 
protein in equilibrium (mg/ml). 
 
Binding assay 

HEWL (500 μl at 25 mg/ml) in 50 mM CH3COONa at pH 4.5 was 
incubated with 500 μl of 0.5 mg/ml of MP-Fe3O4 and MP-chitin 
in 0.5 M NaCl for 1 hour at 20°C with 200 RPM orbital shaking. 
For trypsin, 500 μl of 60 mg/ml of trypsin in (a) 3 mM CaCl2 with 
10 mg/ml benzamidine and (b) 3 mM CaCl2 were incubated with 

Reference protein 
structure 

(PDB Code) 

Molecular 
weight 

Reported crystallization conditions 
Space 
group 

Unit cell parameters 
(Å) 

Affinity 
ligand 

HEWL 
(PDB 6QWY) 

14.4 kDa 
Protein solution: 50 mM CH3COONa at pH 4.5  

Precipitant solution: 0.5 M NaCl 
P43212 

a = 77.2 
b = 77.2 
c = 37.1 

Chitin 

Trypsin 
(PDB 5MNE) 

23.3 kDa 

Protein solution: 3 mM CaCl2 with 10 mg/ml 
benzamidine 

Precipitant solution: 0.2 M (NH4)2SO4 with 30% 
(w/v) PEG8000 

P212121 

a = 54.7 
b = 58.3 
c = 66.9 

Casein 
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500 μl of 0.5 mg/ml of MP-Fe3O4 and MP-casein in 0.2 M 
(NH4)2SO4 with 30% (w/v) PEG8000, for 1 hour at 20°C with 200 
RPM orbital shaking. The supernatants were collected, and 
fluorescence intensity was measured (λex = 280 nm and λem = 
340 nm). Iron leaching from MNPs under these conditions was 
negligible (below 5%) as previously shown 29. 
 
 
Crystallization with magnetic particle additives 

Crystallization assays were performed, as triplicates, using the 
hanging drop method in 24-well crystallization plates 30. The 
crystallization setups were carried out at 20°C and drop 
inspections were performed using an optical microscope (V81 
Stereo Microscope equipped with Camera – AxioCam Erc5s (5 
MP), ZEISS). HEWL in 50 mM CH3COONa at pH 4.5 (25 mg/ml) 
was crystallized using the following precipitant solutions: (i) 500 
μl of 0.5 M NaCl, (ii) 0.5 mg/ml MP-Fe3O4 in 500 μl of 0.5 M NaCl 
and (iii) 0.5 mg/ml MP-chitin in 500 μl of 0.5 M NaCl, in 4 μl 
crystallization drops with 1:1 (v/v) protein-to-precipitant ratio. 
60 mg/ml of trypsin from bovine pancreas in (a) 3 mM CaCl2 
with 10 mg/ml benzamidine and (b) 3 mM CaCl2 were 
crystallized using the following precipitant solutions: (i) 500 μl 
of 0.2 M (NH4)2SO4 with 30% (w/v) PEG8000, (ii) 0.5 mg/ml MP-
Fe3O4 in 500 μl of 0.2 M (NH4)2SO4 with 30% (w/v) PEG8000 and 
(iii) 0.5 mg/ml MP-casein in 500 μl of 0.2 M (NH4)2SO4 with 30% 
(w/v) PEG8000, in 4 μl crystallization drops with 1:1 (v/v) 
protein-to-precipitant ratio. Prior to all assays with MPs, an MP 
suspension was added in the precipitant solution (to 
concentrations between 0.5-4 mg/ml of MPs in the precipitant 
solution), sonicated and homogenized for 10 minutes. After 
this, the desired volume was pipetted and mixed with the 
protein solution, following standard procedures 31–34. 
 
Amount of protein crystallized  

The crystallized proteins were harvested from the crystallization 
drops using a crystallization loop, washed in harvesting solution 
(with 10% more of the correspondent precipitant in solution) to 
avoid crystal solubilization and remove precipitated protein 
adsorbed to the crystal or MPs. Once cleaned, the crystals were 
solubilized in 10 mM phosphate buffer with 150 mM NaCl at pH 
7.4 and centrifuged for 10 minutes at 2000 xg at room 
temperature. The supernatant was retrieved and compared 
with the loading sample in terms of amount of protein. HEWL 
and trypsin were quantified by λex = 280 nm and λem = 340 nm.  
 
X-ray diffraction and data processing 

Data collections from all suitable protein crystals grown in the 
presence of different MP-Fe3O4 were carried out at the in-house 
X-ray diffraction facility using a Bruker D8 Venture Cu Ka X-ray 
generator coupled to a Photon 100 CMOS detector and an 
Oxford Cryo-Systems nitrogen stream at 100 K. All protein 
crystals were cryo-protected prior to flash-freezing in liquid 
nitrogen. HEWL and trypsin were cryo-protected using 20% 
glycerol added in the harvesting buffer. Data were indexed, 
integrated and scaled using PROTEUM3 software pipeline 
(Bruker AXS 2015) and converted to observed structure factors 

using SCALEPACK2MTZ and TRUNCATE from the CCP4 suite 35. 
The structures were solved by molecular replacement using 
PhaserMR 36 within Phenix 37 with previously known structures 
of the proteins as search models (PDB 6F1L for HEWL and PDB 
5MNE for trypsin). Electron density maps were generated and 
analysed with COOT 38. The output model was further refined 
using PHENIX.REFINE 39. Water molecules and solvent ions were 
also modelled into the structures, as indicated by mFo-DFc 
electron density maps. 

Conclusions 
This is the first report of a rationally-designed protein 
crystallization assay based on the addition of magnetic particles 
(MPs), coated or functionalized with affinity molecules towards 
a protein of interest, with the purpose of producing single 
crystals for 3D structure determination. Here, two different 
proteins were used to exemplify the straightforward approach 
offered by magnetic affinity crystallization. A high impact result 
is the MPs’ potential as nucleation agents for the crystallization 
of enzymes hard to crystalize without its inhibitors, as 
demonstrated for trypsin crystallization using MP-casein as 
nucleation agent. The assays and results described in this proof-
of-concept study are based on a single method of protein 
crystallization. Although vapor diffusion is currently the most 
employed protein crystallization method, it is of interest to 
evaluate the effect of MPs with other methods, namely batch 
or free interface diffusion. 
HEWL is an extensively used protein in the search for innovative 
crystallization methods, and here also elected to investigate the 
influence of MPs as additives in protein crystallization. 
However, more than demonstrating the feasibility of using MPs 
and still be able to obtain protein crystals that diffract as 
optimally as the ones grown without the additives, we could 
witness faster onset of crystals with more protein (in mass) 
crystallized. This was particularly notorious when using affinity-
triggered magnetic crystallization with MP-chitin.  
Similarly to HEWL, bovine trypsin is also broadly used in 
crystallization studies as model protein. Nonetheless, as a 
protease, it is necessary to add benzamidine as an inhibitor of 
its proteolytic activity. Once added to the crystallization 
conditions, this inhibitor led to the decrease in the amount of 
protein bound to both MPs and to the decrease of Ka for the 
same MP. The depletion of benzamidine from the crystallization 
assays led to protein precipitation when no MP and MP-Fe3O4 
was used as additive. However, when MP-casein was added, in 
2 out of 3 crystallization drops, it was possible to achieve 
protein crystal growth without the need for benzamidine. 
Moreover, the addition of MPs led to a great increase in mass 
of crystallized protein, compared to the absence of MP 
additives, even in the presence of benzamidine.  
Overall, the addition of MPs to the crystallization assays led to 
faster onset and growth of crystals. Affinity-triggered magnetic 
crystallization, a new example of heterogeneous nucleation 7, 
not only reduced the crystallization time, but also enabled the 
removal of critical additives as benzamidine, a trypsin inhibitor, 
usually necessary to obtain reproducible single crystals of 
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trypsin, as here described for the first time using affinity-coated 
MPs for enzyme crystallization without it’s inhibitor. In all the 
tested proteins, MP addition did not notably change the crystal 
diffraction quality and unit cell parameters. Moreover, this 
work once again reinforces the versatility of MP coating and 
functionalization, here coated with a polysaccharide (chitin) and 
a protein (casein). Furthermore, the use of affinity driven MPs, 
such as MP-casein to crystallize trypsin, allowed to exclude the 
protease inhibitor, enabling the possible screening of different 
inhibitors or competition assays. Faster nucleation, seen in the 
crystallization of HEWL with chitin-coated MPs, and removal of 
undesired compounds, as seen in the crystallization of trypsin 
with casein-coated MPs, present as clear advantages, 
supporting the use of coated MPs in the attempts to address 
these specific problems in protein crystallization. The 
mechanism through which coated MPs influence and trigger 
nucleation and protein crystal growth should be investigated 
and will be the focus of future works. 
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