Protein Corona Formation on the Surface of Superparamagnetic Iron Oxide Nanoparticles with Various Surface Chemistries
Materials
SPIONs with different sizes and charges were employed in this project (see table 1). Dextran was used as coating materials. The interactions of all particles with both fetal bovin serum (FBS) and human plasma serum (HPS) were probed. 
Typically 100 μl of particles (with concentration of 100μg/ml) were mixed with 900 μl of FBS and HPS, respectively, followed by incubation at 37 centigrade degree for 1 h. Since the previous reports confirmed that the protein corona is formed in a relatively stable manner over a period of one hour, we have selected one hour for evaluation of protein coronas in our samples. After incubation time, two methods, including magnetic separation and centrifugation, were employed in order to obtain SPIONs-“Hard Corona” (SPIONs-HC) composition. For the magnetic separation, the proteins-SPIONs solutions were run through a strong magnetic field using magnetic-activated cell sorting (MACS®) system (see Figure 1). In this case, the SPIONs were fixed inside the magnetic column and the flow-through fraction was collected. The fixed NPs were washed three times by PBS buffers. Finally, the column was removed from the magnetic field and SPIONs-HCs were fully removed and stored. Regarding the centrifugation process, the hard corona samples, were centrifuged (at 15oC, 20 000 rpm, 50 min) to pellet the SPIONs-protein complexes followed by the careful removal of the supernatant. The pellet was re-suspended in a small amount of PBS (500μl) and centrifuged again (at 15oC, 20 000 rpm, 30 min) to pellet the SPIONs-protein complexes. The standard procedure consists of three washing-steps before re-suspension of the final pellet to the desired concentration. It is notable that the washing process was designed in order to remove the excess (unbound or loosely bound) proteins. Before the final washing process, the samples were transferred into a low protein attachment Eppendorf tube followed by the last centrifugation; the obtained SPIONs-HCs were stored. 
The biophysiochemical properties of the various SPIONs were characterized as follows. The morphologies of various SPIONs were analyzed by TEM operating at 200 kV. To prepare samples for TEM, a drop of the suspension was placed on a copper grid and dried. Differential centrifugal sedimentation (DCS) experiments were performed with a CPS Disc Centrifuge DC24000. The analyzer measures particle size distributions using centrifugal sedimentation within an optically clear spinning disc which is filled with sucrose fluid, which has gradient of  8-24% sucrose in PBS at 22 000 rpm, during the measurements. The iron concentration of 100μg/ml was selected as optimal amount of SPIONs for DCS. 

Dynamic light scattering (DLS) measurements were performed with a Malvern PCS-4700 instrument equipped with a 256-channel correlator. The 488.0 nm line of a Coherent Innova-70 Ar ion laser was used as the incident beam. The laser power used was 250 mW. The scattering angles, θ, employed ranged between 40°-140°. The temperature was maintained

at 25 °C with an external circulator. Zeta potential determination was performed using a Malvern Zetasizer 3000HSa. Each measurement was an average of six repetitions of one minute each and repeated five times. Data analysis has been performed according to standard procedures, and interpreted through a cumulant expansion of the field autocorrelation function to the second order. Moreover, in order to obtain a distribution of decay rates, a constrained regularization method, CONTIN, was used to invert the experimental data.

In order to define the protein profiles of formed hard coronas on the surface of various SPIONs, 1D SDS-PAGE was employed. In this case, the SPIONs-HCs were re-suspended 40 l of fresh PBS followed by addition of 20 l loading buffer, containing 10% DTT. 
In order to check the yield of two different methods, the selected-obtained samples (20-Negative, 20-Positive, 50-Negative, and 50-Positive) were evaluated with 1D-gel electrophoresis. Figure 2 shows the obtained results; as seen, the intensity of the protein bonds in the centrifugation method is stronger in comparison with the magnetic separation. This happened due to the trapping of some particles in MACS column. The results were completely reproducible; hence, centrifugation method was employed for the complementary tests. It is notable that centrifugation method is recognized as a good strategy to separate NPs-proteins conjugates from the cell culture medium supplemented with serum. 
Besides of bond intensities, interesting results were obtained from Figure 1. More specifically, big differences were detected between the absorbance of FBS proteins on the surface of negative and positive particles. According to the results, the affinities of positive particles are significantly bigger than the negative particles. Due to the negative charge of proteins in the cell medium solution, it seems that electrostatic interactions play a key role in protein absorption. Interestingly, the bond intensity of the SPIONs with the size of 50 nm is stronger than the SPIONs with the size of 20 nm; this effect is stronger in the lower molecular weight area (40-10 kDa).

Table 1: Description of the various particles in DI water 

	Sample/ Size (nm)
	Surface functional group
	Nick-Name

	No Coating/10 nm
	OH
	Bare

	Dextran Coated~20 nm
	COOH
	20-Negative

	
	Plain
	20-Plain

	
	NH2
	20-Positive

	Dextran Coated~50 nm
	COOH
	50-Negative

	
	Plain
	50-Plain

	
	NH2
	50-Positive
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All samples (see Table 1) are studied by DCS under various mediums including PBS buffer, DMEM medium supplemented with FBS (i.e. SPIONs-HC), and DMEM medium supplemented with HPS (i.e. SPIONs-HC). It is notable that DCS is recognized as one of very few techniques that have capability to be applied for complex biological systems, without the need for fluorescent labels and other such devices, or for extreme nanoparticle dilution. 
Figure X illustrates the basic DCS data for bare SPIONs in PBS medium and also the SPIONs with hard protein corona, which obtained via centrifugation method, in FBS and HPS, after one hour of incubation, respectively. 
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Figure X. 
It is notable that all peaks during this time period are reproducible. It is notable that the bare SPIONs is highly stabilized electrostatically in acidic solusion (e.g. pH of around 5). However, in order to prepare the sample for DCS, the bare SPIONs were dispersed in PBS (pH of around 7.4), in this case, the bare SPIONs experienced severe agglomeration (see figure X) due to the absorption of various salts on their surfaces; on the other hand, the isoelecteric point of bare SPIONs is about 7, which helps the severe agglomeration. 

Interestingly, by addition of FBS the formed protein corona caused the formation of stable colloidal suspension with narrow size distribution; however, the broad aggregation has been occurred due to the interactions of bare SPIONs with HPS. This may be happened due to the various protein gradients on the surface of SPIONs after interaction with various medium (see Figure X+3 to see the differences in protein gradient). 

DSC was applied for the dextran coated SPIONs with various sizes and charges (Figures X+1 and X+2). It is notable that dextran coated SPIONs were highly stable in water and in PBS due to the presence of stric repulsion force.
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Fig: X+1
[image: image4.png]Rel. M,

100

-

100
80

260

)
m40

W

=50-Negative
=50-Negative-FBS
~50-Negative-HPS

20

=50-Negative
=50-Negative-FBS
~50-Negative-HPS

7 T T J 0 T T ¥ T T T T 1
0.2 0.4 0.6 0.8 1 005 0.0 015 02 025 03 035 04
Particle Diameter (pm) Particle Diameter (pm)
100
80
E;
=50-Plain — 60 =50-Plain
=50-Plain-FBS & 40 =50-Plain-FBS
=50-Plain-HPS ﬁﬂ =50-Plain-HPS
20
T T T T 1 0 T T T T 7 g T d
02 04 06 0.8 1 005 01 0I5 02 025 03 035 04
Particle Diameter (nm) Particle Diameter (nm)
100
8
=50-Positive E 60 =50-Positive
=50-Positive-FBS @ 49 =50-Positive-FBS
~50-Positive-HPS =50-Positive-HPS
20
T T T T " 0 T T T T T T T d
0.2 0.4 0.6 0.8 1 005 01 015 02 025 03 035 04

Particle Diameter (pm)

Particle Diameter (nm)




Fix. X+2

Results confirmed the significant effect of the surface chemistry of the SPIONs on the thickness of protein corona rather than the size of SPIONs. More specifically, particles with different sizes and charges illustrate various scenarios for absorption of protein coronas. The negative coated SPIONs, with the size of 20 nm, have smallest protein absorption, due to their same charge with proteins which caused the lowest protein affinity (caused by repulsive electrostatic force). However, due to the high physical affinity, which caused by ultra-small size of nanoparticles, there are trace of absorbed proteins on the surface of negative particles, which confirmed by small shift in SPIONs peak. In addition, there is a small peak present in 20-Negative-FBS and 20-Plain-FBS around 375 nm which might relate to the FBS itself; however, this peak was not observed in 20-Positive-FBS and all hard coronas obtained by HPS. It seems that some of the hard corona FBS proteins cannot tailored the severe shear stress of DCS, in 20-Negative-FBS and 20-Plain-FBS, and were detached from the surface of the particles. However, the strong attractive electrostatic force between positive SPIONs and FBS protein did not allow the observed detachments for the negative and plain SPIONs with the size of 20 nm. On the other hand, when ambient proteins are removed and the SPIONs are redispersed in PBS buffer, the chemical potential of the adsorbed proteins will be much lowered in the PBS medium which causing the creation of an strong thermodynamic force for those proteins to detach from the particle; this effect would be amplified for the negative particles due to the existence of repulsive electrostatic forces. In addition, the thickness of the protein corona for positive particles is significantly larger than the others (see Figure X+3). 
The same results were obtained for the SPIONs with the size of 50 nm; however, there were no trace of small peak present at 375 nm for negative and plain FBS hard corona particles, due to the effect of the surface size. It seems that this peak is sensitive to the source of proteins (i.e. FBS and HPS) which confirmed by DCS experiments on various protein sources. Figure X+3 clearly shows the formation of different protein patterns due to the various protein sources and surface chemistry of the nanoparticles; in this case, slightly different distributions of the aggregate species would be occurred. The differences in DCS curves of various FBS- and HPS-hard-corona-SPIONs samples confirmed this claim.  
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Fig X+3

Fundamentally, though explicit complex sizes can be deduced, the main scientific issues considering the corona shape/gradient are settled by the temporal stability of the complexes, rather than detailed size information. Hence, there is no accentuate efforts for rationalization of absolute sizes between quite different methods that measure slightly various quantities, but instead focus on the difference in size between bare and corona-coated SPIONs with various biophysiochemical properties. More specifically, in order to define a precise size of the protein-SPIONs complex, the exact shape and internal density distribution of each aggregate should be cleared, which is recognized as shortcoming in complex biological medium. In order to overcome this shortcoming, the data in an unbiased but physically realistic format

of (on the x-axis) the equivalent diameters for spheres of homogeneous density and (on the y-axis) relative “apparent” molecular weight is reported. In this case, for the bare and dextrane coated SPIONs, the simple core-shell method of 2 (i.e. dextran coated SPIONs as core and protein-biomolecule as shell) densities were calculated, respectively, via the following equation:
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Where ρc is an inner core of density, ρs is shell of density, ρf is fluid of density, Dc is diameter of the core, Ds(Dc+2δ) is the total diameter of the core-shell particles, and D is a measured diameter by DCS method. In this case, the obtained protein (hard corona) thicknesses are presented in Table 2. 

Table 2: Hard corona thickness of various samples

	Protein Source→
Sample↓
	FBS: Thickness (nm)
	HPS: Thickness (nm)

	20-Negative
	No Value
	6.2±2.5

	20-Plain
	No Value
	18.3±3.5

	20-Positive
	No Value
	No Value

	50-Negative
	No Value
	15±3.4

	50-Plain
	No Value
	21.7±3.5

	50-Positive
	No Value
	No Value


We conclude that when SPIONs are added to the various protein mediums, the nominal SPIONs peaks shift to larger sizes; however, the amount the shape of the peaks are significantly related to the surface chemistry of the nanoparticles and protein sources.  
DLS experiments on the various protein-SPIONs complexes were performed as a function of the scattering vector q. The results (see Table 3) are completely in agreement with DCS and 1D SDS-PAGE data on hard protein coating of the various SPIONs after one hour of incubation in FBS and HPS. More specifically, the lowest increasing in size after interaction with protein sources (i.e. FBS and HPS) is the negative particles. 20-Positive SPIONs has the highest thickness protein shell, due to its high/positive zeta potential amount. In comparison, the 50-positive SPIONs could not show the similar protein absorption effect due to its significant lower zeta potential amount (+0.7±0.2) in comparison with 20-Positive SPIONs (+10.9±0.7) in PBS solution. 
Table 3: DLS and Zeta-Potential data for various particles

	Solution→
Sample↓
	PBS
	FBS (hard corona)
	Human Serum (hard corona)

	
	DH (nm)a
	<DH> (nm)b
	Z-Potential
	DH (nm)a
	<DH> (nm)b
	Z-Potential
	DH (nm)a
	<DH> (nm)b
	Z-Potential

	S-Negative
	39.7±0.4
	45.9±1.1
	-13.9±0.6
	80.7±2.3
	96.1±0.4
	-10.1±0.9
	62.8±2.4
	69.1±0.9
	-12.3±0.5

	S-Plain
	76.5±1.2
	88.8±0.8
	-6.8±0.5
	80.2±0.7
	92.7±1
	-4.9±0.4
	85.4±1.2
	97.3±0.2
	-11.5±0.7

	S-Positive
	92.4±1.2
	111.6±0.9
	+10.9±0.7
	149.9±24.6
	128.3±1.3
	-2.1±0.2
	181.6±42.1
	142.1±2.2
	-2.0±0.3

	L-Negative
	63.2±1.2
	74.5±0.4
	-12.5±0.5
	93.2±3.4
	106.3±1.1
	-10.6±0.5
	82.7±0.4
	90.5±0.7
	-13.0±1.1

	L-Plain
	84.6±1.5
	106.1±0.7
	-4.5±0.6
	140.1±4.3
	157.8±1.2
	-3.9±0.4
	102.5±2.2
	119.0±0.8
	-11.3±0.9

	L-Positive
	89.1±0.1
	109.4±0.9
	+0.7±0.2
	98.9±2.7
	127.9±0.5
	-2.3±0.2
	94.8±2.3
	111.0±0.9
	-1.8±0.2


az-average hydrodynamic diameter extracted by cumulant analysis of the data. bAverage hydrodynamic diameter determined from CONTIN size distribution.
