Scientific report on the exchange grant between 22 March-22 June, 2010 entitled 
“The interactions between magnetic fluids and protein ‘corona’”
Purpose of the visit

Magnetic fluids (MFs) consist mainly of nano-sized magnetic particles, typically iron oxides (Fe3O4 or γ-Fe2O3), which are suspended in a liquid carrier. Water-based magnetic fluids, containing magnetic nanoparticles (e.g., magnetite or maghemite) coated with a functionalized layer, are frequently used in various fields of science and technology, since these liquids can be manipulated by an external magnetic field gradient, in such a way that the entire liquid can move in accordance with the inhomogeneous magnetic field.

Nowadays biomedical applications of magnetic fluids are the subject of intensive scientific interest. Most of the applications require the magnetic nanoparticles to be non-toxic, chemically stable, uniform in size, and well-dispersed in aqueous media. 
In the proposed project I planned to investigate the interactions between covered magnetic nanoparticles (i.e., citrate (CA) or poly(acrylic acid) (PAA) monolayer, and oleic acid (OAOA) double layer stabilized magnetite) and biological fluids (specifically human plasma, or cell medium containing 10% Foetal Calf Serum) in the Centre for BioNano Interactions at the University College Dublin. I also intended to measure the accumulation of proteins at the solid-water interface, which alter the characteristics of the sorbent surface by forming quite durable coatings.
Description of the work carried out during the visit 

My project focused on measuring the interaction between the different kind of surface coating stabilized magnetic fluids (CA, PAA, OAOA) and the plasma proteins in buffer solution (phosphate buffer-PBS) and in plasma (55% and 10% human plasma, cell medium). I characterized my samples by dynamic light scattering (DLS) and differential centrifugal sedimentation (DSC-CPS) as a function of sample preparation protocol, time (0; 0.5; 1; 4 and 24 h) and particle concentration (0.5; 0.1; 0.25 and 0.8 mg/ml). The recovered nanoparticles were assessed for their protein-binding pattern using 1-D gels.
Description of the main results obtained

Characterization of magnetic nanoparticles:

I prepared magnetite with the well-known co-precipitation method, and characterized the naked particles (Figure 1) and after stabilization with 3 different carboxylated compounds: citric acid (CA), a well known complexing agent (0.6 mmol CA / g magnetite), poly(acrylic acid), a macromolecule (PAA) (2 mmol PAA / g magnetite), and oleic acid (OAOA), an amphiphilic surfactant (2 mmol OAOA / g magnetite). In this way, I could study the different stabilizing efficiencies of compounds having similar chemical interactions between the active sites on the magnetite surface and the adsorbed carboxylic groups, which stabilize nanoparticles through the electrostatic, steric and the combined electrosteric interactions.

The primary particle size was 10-12 nm in all case (measured with TEM, Figure 2). 
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Figure 1 Magnetite nanoparticles dispersed in water, particle concantraion: 0.1 mg/ml, pH: 5.2; 

PolyDispersity Index (PDI): 0.12-0.14
[image: image2.emf]
Figure 2 TEM picture of citric acid coated magnetite nanoparticles
Results with DLS:

I measured the particle size and the zeta potential with a NanoZS instrument. I optimized the particle concentration and found that  a concentration of 0.1 mg magnetite/ml was optimal. The measurements were done in the DTS1060C zeta cell, first measuring the particle size and then the zeta potential. The pH was kept at ~7 during the water dilution, and was 7.3-7.5 in the presence of proteins (Figures 3-5 and Table 1.).

The ‘hard corona’ samples (free of excess plasma), following an incubation period at 25oC for 1 hour, were centrifuged (at 4oC, 20 000 rpm, 30 min) to pellet the particle-protein complexes and separate them from the supernatant plasma. The pellet was re-suspended in a small amount of PBS (500μl) and centrifuged again to pellet the particle-protein complexes. The standard procedure consists of three washing-steps before re-suspension of the final pellet to the desired concentration. After the third wash the samples were transferred into a new Eppendorf tube. The ’full corona’ and the cMEM samples were prepared just by a mixing procedure; the nanoparticles were dispersed in these two protein media, and no washing steps were performed.
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Figure 3 Citrated magnetic fluid in different dispersing agents, particle concentration: 0.1 mg/ml, pH:7-7.5
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Figure 4 Polyacrylated magnetic fluid in different dispersing agents
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Figure 5 Oleic acid double layered magnetite dispersed in different media

Table 1. Magnetite nanoparticles stabilized with different molecules in various dispersing agents (*aggregated)
	Sample name
	Zeta potential, mV
	SD

	CA-MF-water
	~0
	-

	CA-MF-PBS
	-28.7
	5

	CA-MF-55% human plasma hard corona
	-11
	2

	CA-MF- 10% human plasma full corona
	-7.8
	3.2

	CA-MF-cMEM
	-10.7
	21

	PAA-MF-water
	~0
	-

	PAA-MF-PBS
	-30
	2

	PAA-MF-55% human plasma hard corona
	-11.6
	1

	PAA-MF- 10% human plasma full corona
	-9.7
	1.2

	PAA-MF-cMEM
	-10.6
	27

	OAOA-MF-water
	~0
	-

	OAOA-MF-PBS
	-52.2*
	2.5

	OAOA-MF-55% human plasma hard corona
	-11
	1

	OAOA-MF- 10% human plasma full corona
	-10.3
	1.7

	OAOA-MF-cMEM
	-12
	30


Results with DSC-CPS:

Differential centrifugal sedimentation experiments were performed with a CPS Disc Centrifuge DC24000. The analyzer measures particle size distributions using centrifugal sedimentation within an optically clear spinning disc that is filled with fluid. During the measurements I used an 8-24% sucrose gradient in PBS at 24 000 rpm and the particle concentration was 0.8 mg magnetite/ml. With the naked magnetite particles I measured a time profile dispersed in water and in the presence of 55% of human plasma dispersed in PBS (Figure 6-7). The pH was checked before the measurements and kept at 7.5. I measured the protein adsorption in the presence of 55% and 10 % human plasma or cell media (cMEM, which contains 10% Foetal Calf Serum), and I compared it with the bare particles dispersed in PBS (Figure 8-9), with the exception of OAOA covered magnetite (Figure 10). The DLS results showed us that the OAOA-MF is aggregated in PBS (Figure 5). The oleic acid double layer covered particles aggregated with time in cMEM and two peaks appeared in the CPS graphs (Figure 11).
[image: image6.emf]
Figure 6 DCS-CPS experiments of the bare magnetite nanoparticles studied in water at pH 5.2

[image: image7.emf]
Figure 7 DCS-CPS experiments of the bare magnetite nanoparticles in studied PBS the presence of 55% of human plasma at pH 7.5
[image: image8.emf]20

23

26

29

32

35

38

41

44

47

0 2 4 6 8 10 12 14 16 18 20 22 24

Time, h

<d

AP

>, nm

55%hp full corona

55%hp hard corona

PBS

10%hp full corona

cMEM

CA coated magnetite

0.8 mg/ ml

pH~7.5

CPS

8-24%sucrose

0.6 mmol CA/ g magnetite


Figure 8 DCS-CPS experiments of the CA covered magnetite nanoparticles in studied PBS
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Figure 9 DCS-CPS experiments of the PAA covered magnetite nanoparticles studied in PBS
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Figure 10 DCS-CPS experiments of the OAOA covered magnetite nanoparticles studied in PBS
[image: image11.emf]
Figure 11 DCS-CPS experiments of the OAOA covered magnetite nanoparticles studied in cMEM
Results of the hard corona composition of magnetite nanoparticles-protein complexes:

I prepared the hard corona in the same way as in the DCS-CPS or DLS measurements, but after the three washing steps I transferred the samples into a new Eppendorf tube, washed again and re-suspended the particles in 20 or 40 l PBS. Finally I added 10 or 20 l loading buffer, containing 10% DTT to the samples (Figures 12-15).
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Figure 12 SDS-PAGE gel of 55% human plasma proteins obtained from NP-protein complexes free from excess plasma (washed system) after re-dispersion and dilution in PBS. The Mw of the proteins in the standard ladder are reported on the left for reference. (Silver staining (left) and Comassie blue staining (right))
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Figure 13 SDS-PAGE gel of 10% human plasma proteins obtained from NP-protein complexes free from excess plasma (washed system) after re-dispersion and dilution in PBS. The Mw of the proteins in the standard ladder are reported on the left for reference. (Silver staining (left) and Comassie blue staining (right))
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Figure 14 SDS-PAGE gel of 10-55% human plasma proteins obtained from NP-protein complexes free from excess plasma (washed system) after re-dispersion and dilution in PBS. The Mw of the proteins in the standard ladder are reported on the left for reference. (Silver staining (left) and Comassie blue staining (right))
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Figure 15 SDS-PAGE gel of cMEM proteins obtained from NP-protein complexes free from excess plasma (washed system) after re-dispersion and dilution in PBS. The Mw of the proteins in the standard ladder are reported on the left for reference. (Silver staining (left) and Comassie blue staining (right))

Discussion
DLS
1) The naked magnetite at pH~5.2 is stabilized electrostatically. The particle size does not change in time (~82 nm). During the measurements I always got just 1 peak in the number, intensity and volume distribution too. Because of the electrostatic stabilization the magnetite has a high positive zeta potential (58mV ( 12 mV). If the particles were dispersed in PBS (pH=7.5), the pH is very close to the isoelectric point of magnetite where the magnetite net surface charge is zero (at pH~8) and the particles are aggregated. The phosphate buffer could adsorb onto the particle surface, but it is not enough effective to protect the particles from aggregating.
2) The citric acid covered magnetite nanoparticles were stable in water and in PBS with time. The average particle size was roughly 80-85 nm. After the protein adsorption the particle size increased. The full corona was measured in the presence of 10% human plasma and the Z average size was 105-90 nm, with the size decreasing in time in parallel with the polydispersity index decreasing, suggesting that the system reorganises towards a more uniform protein distribution at the nanoparticle surfaces. When the full corona was built up, the proteins that are not adsorbed chemically to the surface can exchange and after 2 hours equilibrium was reached. When the protein concentration was increased till 55% human plasma and a hard corona was prepared the particle size grew to ~115 nm. After dispersing the nanoparticles in cMEM the citrated magnetite particles started to create small aggregations, which were stable in time (~150-160 nm) and the polydispersity index increased above 0.2.
3) The poly(acrylic acid) covered magnetite nanoparticles were stable in all media. In water and in PBS (~105 nm, ~95 nm) the particle size was bigger than in the case of citric acid coating (80-85 nm). The reason for this is that the adsorbed molecule itself is bigger in the case of PAA coating. After its adsorption the polymer binds to the surface by some of its carboxylate groups, whilst the rest of the molecule makes hydrophilic loops and tails in the coating to form a thick steric protecting layer around the nanoparticles. In the presence of 10% of human plasma the same equilibrium (110-100 nm) effect was experienced as in the citrated nanoparticles, with the system reorganizing to a more uniform protein coverage of the particles. The PAA stabilized magnetic fluid was stable in cMEM (~120 nm) and after the hard corona preparation in 55% human plasma (~120 nm). 
4) The oleic acid double layer covered magnetite was stable in water, in cMEM and in the presence of 10% of human plasma (~85 nm). However, after dispersion in PBS the particles started to aggregate forming huge aggregates. The reason should be that phosphate can remove the oleic acid double layer from the surface. To verify this phenomenon I tested it with HEPES and TRIS buffer at the same ionic strength, and I did not get any aggregation in time, thereby confirming that the phosphate ions displace the oleic acid and destabilise the nanoparticles. 
DCS-CPS
The measured particle sizes with the DCS-CPS instrument were always smaller than the hydrodynamic diameter measured with DLS (by one fourth or one third). To find out the reason I made measurements with different sucrose gradients to know the right density of the particles. Further, I used different disk speed. However, I got always the same results; the overlap was more than 99%. The measurements were reproducible. To calculate the protein corona I measured the particle size in PBS and I used a simple model to analyze the data for shell-coated particles. This model was developed previously in the CBNI to get an estimation of the shell thickness, since the density of the protein shell is lower than that of the magnetic particle core. After the protein adsorption I usually got smaller particle size, because of the high density of the core, and this is the reason why the recalculation is necessary.
1) While measuring the naked magnetite nanoparticles dispersed in water, I found some small aggregation with time as indicated by the presence of 2 peaks (~36 nm and ~70 nm). The second peak results from the relatively high polydispersity of the sample, and did not appear in the DLS distribution - this important as the DCS-CPS measurements are more sensitive than the DLS.  The presence of the two peaks can also account for the difference in size observed between the two techniques, as DLS gives the average size and does not resolve the two peaks., 

Upon dispersing the nanoparticles in 55% of human plasma, the magnetite created aggregates, but these aggregates are very uniform and stable with time (~43 nm).

2) The particle size of the citric acid covered magnetite nanoparticles dispersed in PBS was 27.7 nm. The full corona was roughly 5 nm, but the reliability is questionable. If I stabilize small aggregates, it means that the core density is not the same as in bare magnetite (5.15 g/cm3), in spite of the fact that the particle size was the same in the different sucrose gradients. One of the explanations of this finding is that the sucrose can re-disperse the small aggregates and create smaller particle size. Another possible explanation is that the high centrifugation speed can disaggregate the magnetite. Currently we cannot give a definite answer of whether one of these explanations (or both of them) is valid at present, and further work is needed to clarify this point. 
The hard corona thickness at 55% of human plasma was ~3.5-4 nm. To compare it with the DLS results it can be said that the effect and the trend was the same. 
The hard corona at 10% of human plasma was 1.5-3 nm, which thinner then the presence of 55% of human plasma.

The same aggregation effect was noticed upon dispersion in cMEM media as in the previous method (with DLS), but to compare with the 10% of human plasma the effect is very different.
3) The poly(acrylic acid) covered magnetite nanoparticles gave the same results as the citrated particles. The full corona at 55% of human plasma was 4.5 nm and the hard corona was 1.5 nm, which is thinner than the adsorbed protein layer on the citrated particles. In the presence of 10% of human plasma the full corona thickness was ~3 nm. When dispersed in cell media (containing 10% FCS) the particles started to aggregate with time, but this aggregation was slow and I could not notice it during the DLS measurements in spite of the fact that the polydispersity index increased.
4) The oleic acid double layer covered magnetite aggregated in PBS just as during the DLS measurements. In this case I compared the particle size to that measured in water. The full corona thickness was 5-5.5 nm in the presence of 55% of human plasma and the hard corona was 0.5-1 nm. This is smaller than it was in the other two stabilization scenarios. When the particles were dispersed in 10% of human plasma, I noticed the same equilibrium effect as in the DLS results.
Upon mixing the oleic acid double layer covered particles with cMEM I found that the particles started to aggregate with time. This was the only case when I got two peaks in the size distribution curves. The second, smaller peak appeared at 62 nm and the height of the peak increased in time and moved to the bigger size range (up to 75 nm). 
1D PAGE Gels – protein binding patterns

In the gels I found a big difference between the adsorbed proteins in the presence of the three differently stabilized magnetic fluids. The protein amount on the oleic acid covered magnetite was higher than on the citrated or poly(acrylated) particles, but before I draw the inference, the pellets should be validated (to ensure that the same amount of particles is being recovered in each case) and it is necessary to make sure that the running protein amount was always the same. These experiments are running now, I collected the supernatants after all the washing steps and the iron amount will be determined with inductively coupled plasma (ICP) emission spectroscopy.

Between the citrated and the poly(acrylated) particles the quantity of the proteins in the bands are approximately similar upon visual inspecton, but there are some difference in the lower molecular weight area (40-10 kDa).


The other interesting result was that the adsorbed proteins are very different at 10% or 55% of human plasma. The reason should be the competition in the presence of different amount of proteins.

Conclusions

Each of the three differently stabilized magnetite nanoparticles were stabilized by the formation and presence of the full corona in 55% and 10% of human plasma after the PBS dilution, but there are big differences in the stability in the presence of cMEM which contains 10% Foetal Calf Serum. To compare the results with the 10% of human plasma we found that the reason of the big difference should be the much higher salt concentration in the presence of cMEM, containing not just phosphate and sodium chloride, but other additives too. 

To disperse the particles in different protein concentrated media we found that protein adsorption happened in spite of the presence of the stabilization layer. Although all the three stabilizers adsorbed on the surface through their carboxyl groups and created a negatively charged surface full of free carboxyl groups, the interaction between the these surfaces and the biological fluids was very different. The oleic acid double layer frame, which is close to the natural membrane structure, was found not to be the best stabilization method. The proteins can exchange in the first and perhaps even in the second layer, removing the oleic acid molecules from the magnetite surface.
Future work in collaboration with the host institution

Since our preliminary results seem rather interesting, it will be worth publishing our results in a highly ranked journal, although additional work is needed.  To clarify the difference in the data concerning particle size as obtained from the DCS-CPS and DLS measurements I plan to measure angle dependent DLS and check the reliability of the DLS results. I also plan to measure the bare and the protein covered particles with infra-red spectroscopy measurements (ATR-FTIR) in Hungary and the effect of the protein corona in MRI contrast effect. I have now received an Eotvos fellowship for 6 months from the Hungarian Ministry for Science, which I will also undertake at the Centre for BioNano Interactions in UCD, in order to further progress our joint-work, and to build on the results obtained via the ESF EpitopeMap RNP exchange grant.
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