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-	Spontaneous	adsorption	of	
proteins.	
-	Dynamic	process	(equilibrium)	
-	It	can	affect	fate,	uptake	and	
stability	
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Direct	methods:	directly	analyze	the	proteins	
that	are	adsorbed	on	the	NP	surface.	

Sample	digestion	or	isolation.	
Non-equilibrium	situation.	

Indirect	methods:	analyze	the	
changes	in	the	properties	of	the	

underlying	NPs	due	to	the	
presence	of	a	protein	corona.	

	
size,	charge,	mass,	absorbance,	

and	fluorescence…		
	
19F	



100%	Natural	Abundance.	
19F	is	not	present	in	physiological	media.	
No	background	signal	or	interference.	
MR	is	technique	that	can	be	translated	to	in	vivo	studies.	

NO sample isolation 
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Where γ [Hz/T] is the gyromagnetic ratio of 19F, δ [s] is gradient length, Δ [s] is diffusion delay 
and G [T/m] is the gradient strength13,14.  

 

Supplementary Figure 22: Work-flow to obtain the diffusion constant D from 19F diffusion NMR 

experiment, which shows the raw data extraction and exponential decay fitting to retrieve a 

value for the diffusion constant D. 

Covalent binding of HSA and aTR 

NMR samples of NP-F/COOH covalently linked to HSA or aTR were prepared as described before. 

Hence, 465 µL of a protein functionalized NP solution in HEPES of at least 0.7 µM in NPs were 

introduced in NMR tubes as described before, and the 19F diffusion NMR spectra were recorded. 

The work-flow shown in Supplementary Figure 22 was followed for each single measurement, 

and the mean D values for each EDC/NP ratio together with the corresponding standard 

deviations (SD) are shown in Supplementary Table 5 for HSA-modified NPs and Supplementary 

Table 6 for aTR-modified NPs. The so-obtained fitted decay curves are shown in Supplementary 

Figure 23 for HSA, and Supplementary Figure 24 for aTR. 
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Measuring Diffusion Coefficients by NMR

• Diffusion Coefficient is defined by the Stokes‐Einstein equation: ܦ ൌ ்
గఎ௦

• Using gradients, molecules can be spatially labeled, 
based on their position in the tube.  If they move after 
the encoding, or ‘labeling’, during the diffusion time 
(Δ) that follows in the pulse sequence, their new 
position can be decoded with a second gradient.

• The NMR signal intensity is attenuated depending on the diffusion time, Δ, 
and the gradient parameter, δ, as described by ܫ ൌ ఊଶଶఋଶሺିఋ/ଷሻି݁ܫ

Spatial	mapping	of	each	
molecule	(gradients)	



HSC11TEG-F 
HSC11TEG-GlcF 

HS-PEG-F 

NP-TEGF@PMA 

NP-F/COOH NP-F/NH2 NP-F/NH2@PMA 

NP-GlcF/OH 

NP-F [NP-F/NH2@PMA]*2 

rC = 1.5 ± 0.7 nm rC = 1.7 ± 0.6 nm rC = 1.7 ± 0.6 nm rC = 1.7 ± 0.6 nm rC = 1.9 ± 0.5 nm 

rC = 12.6 ± 3.8 nm 
rC = 0.9 ± 0.6 nm 



HSC11TEG-F 
HSC11TEG-GlcF 

HS-PEG-F 

NP-TEGF@PMA 

NP-F/COOH NP-F/NH2 NP-F/NH2@PMA 

NP-GlcF/OH 

NP-F [NP-F/NH2@PMA]*2 

rC = 1.5 ± 0.7 nm 
rh = 9.0 ± 0.1 nm  

rC = 1.7 ± 0.6 nm 
rh = 8.6 ± 0.1 nm 

rC = 1.7 ± 0.6 nm 
rh = 7.3 ± 0.6 nm  

rC = 1.7 ± 0.6 nm 
rh = 20.2 ± 1.0 nm  

rC = 1.9 ± 0.5 nm 
rh = 8.7 ± 0.3 nm 

rC = 12.6 ± 3.8 nm 
rh = 12.6 ± 1.3 nm  rC = 0.9 ± 0.6 nm 

rh = 3.0 ± 0.1 nm  

M. Carril  et al. Nature Communications 2017, 8, 1542. 
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NP-F/COOH 

1.  EDC/NHS 
 
2.  HSA or aTR 

HSA 
NHSA/NP max ≈ 5 
Δrh = 1.9 ± 0.2 

aTR 
NaTR/NP max ≈ 2 
Δrh = 2.4 ± 0.2 



NP-F/NH2@PMA 

HSA or TR 
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Supplementary Figure 29: Hydrodynamic radius rh ± standard deviation as measured for the 
different NP-protein complexes upon the presence of different concentrations cHSA of HSA in 

PBS, and the corresponding fits based on the Hill model. The fit parameters are shown in 

Supplementary Table 14. 

 

Supplementary Figure 30: Hydrodynamic radius rh ± standard deviation as measured for the 
different NP-protein complexes upon the presence of different concentrations cTR of TR in PBS, 

and the corresponding fits based on the Hill model. The fit parameters are shown in 

Supplementary Table 14. 

 

Size correlation for NP-F/COOH covalently linked with either HSA or aTR by DLS 

Samples of covalent binding of HSA or aTR onto NP-F/COOH were analyzed by dynamic light 

scattering (DLS) at 173° in water using a Nano ZS (Malvern, Worcesterhire, UK) equipped with a 

633 nm laser. Results are shown in Supplementary Figure 31 and Supplementary Figure 32 for 
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Supplementary Figure 29: Hydrodynamic radius rh ± standard deviation as measured for the 
different NP-protein complexes upon the presence of different concentrations cHSA of HSA in 

PBS, and the corresponding fits based on the Hill model. The fit parameters are shown in 

Supplementary Table 14. 

 

Supplementary Figure 30: Hydrodynamic radius rh ± standard deviation as measured for the 
different NP-protein complexes upon the presence of different concentrations cTR of TR in PBS, 

and the corresponding fits based on the Hill model. The fit parameters are shown in 

Supplementary Table 14. 

 

Size correlation for NP-F/COOH covalently linked with either HSA or aTR by DLS 

Samples of covalent binding of HSA or aTR onto NP-F/COOH were analyzed by dynamic light 

scattering (DLS) at 173° in water using a Nano ZS (Malvern, Worcesterhire, UK) equipped with a 

633 nm laser. Results are shown in Supplementary Figure 31 and Supplementary Figure 32 for 

HSA 
NHSA/NP max ≈ 65.6 ± 2.6  

Δrh = 4.9 ± 0.1 
K’D = 13.6 ± 0.9 

TR 
NTR/NP max ≈ 191± 11.4  
Δrh = 9.2 ± 0.3 
K’D = 4.1 ± 0.7 

M. Carril  et al. Nature Communications 2017, 8, 1542. 
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Diffusion constant and size measurements in blood by 19F-NMR 

Blood was extracted by authorized personnel at Policlínica Gipuzkoa (San Sebastián, Spain) from 
a single donor and co-author of the present work (C. Carrillo-Carrión). Blood samples were 
collected in citrate loaded 4.5 mL tubes (Vacuette, 9NC coagulation sodium citrate 3.2 %, 13 x 
75, blue cap). Part of the blood was directly mixed with NPs in experiments type I that will be 
explained later. Due to the use of sodium citrate as anti-clotting agent no clots were formed and 
thus no NPs could stick to clots. The rest of the blood was centrifuged at 1500 g for 10 min at 10 
°C and the top plasma fraction was collected in aliquots of 400 µL and stored at -20 °C for 48 
hours until further use in experiments type II. 

NP-F/COOH, NP-F/NH2 and NP-F/NH2@PMA were transferred to PBS and concentrated with 
amicon filters (MWCO 100 kDa) down to NP concentrations of 5 µM (NP-F/COOH) and 6 µM (NP-
F/NH2 and NP-F/NH2@PMA). Then, NPs were separately incubated with either whole blood or 
plasma. 

Experiment type I: NP incubation with whole blood 

In separate 1.5 mL Eppendorf vials, 735 µL of freshly extracted whole blood were mixed with 65 
µL of a PBS solution containing either NP-F/COOH, NP-F/NH2 or NP-F/NH2@PMA at the 
aforementioned concentrations. The mixture was incubated at 37 °C for 30 min, gently shaking 
at 130 rpm. After that time, phase separation between plasma and blood cells was already 
starting to take place. Each vial was then centrifuged at 103 g for 8 minutes at 10 °C and the 
plasma with the NPs dispersed in it was separated and transferred to an NMR tube for diffusion 
measurements (cf. Supplementary Figure 39). 

 

Supplementary Figure 39: a Photographs of NPs incubated with blood for 30 min at 37 °C and 
centrifuged (1000 g for 8 min), in which phase separation is clearly observed. b Subsequent 
phase separation between blood cells (bottom fraction) and plasma with NPs dispersed (top 

NPs +
plasma

Blood
Cells

After
103 rcf x 8’

Experiment type I: NPs incubation with whole blood

NMR tube

a b

c
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fraction). c Fraction with plasma with NP as introduced in a NMR tube with a coaxial insert filled 
with TFA in D2O ready for diffusion measurements. 

Experiment type II: NP incubation with plasma 

400 µL aliquots of previously separated plasma were mixed with 65 µl of a PBS solution 
containing either NP-F/COOH, NP-F/NH2 or NP-F/NH2@PMA at the aforementioned 
concentrations. The so-obtained mixture was transferred to an NMR tube for diffusion 
measurements. 

 

Supplementary Figure 40: (from left to right) Photographs for comparison between plasma with 
NPs obtained after NP incubation with whole blood and after centrifugation (experiment type 
I), only plasma without NPs, and plasma mixed with NPs (experiment type II). The plasma 
samples with NPs have a darker color due to the NP presence. 

Diffusion constant (D) measurement by 19F diffusion NMR in blood 

Diffusion experiments were measured as described before using 5 mm standard NMR tubes with 
a coaxial insert carrying TFA in D2O (0.024 % v/v). The diffusion measurements were carried out 
at 37 °C to mimic physiological conditions as much as possible. Before every diffusion 
experiment, a standard 19F-NMR spectrum of about 10 minutes was run, to let the sample reach 
37 °C and stabilize before running the diffusion experiment. The diffusion constant values D 
were then obtained from the signal intensity decay fitting to a mono exponential equation as 
described previously. The obtained results are summarized below. 

 

Supplementary Table 19: Diffusion constant values D obtained for each type of NP after 
incubation with either whole blood (experiment type I) or only plasma (experiment type II), and 
the corresponding standard deviation (SD). The n value refers to the number of independent 
measurements performed in each type of medium. 

 

NPs+
plasma

NPs+
plasma

Only
plasma

Experiment
Type I

Experiment
Type II

M. Carril  et al. Nature Communications 2017, 8, 1542. 



-  It	is	possible	to	measure	diffusion	of	fluorinated	NPs	in	
complex	media	without	isolation	by	19F	NMR.	

	
-  This	technique	can	be	used	to	study	size	changes	due	
to	protein	corona	formation.	

-  Expand	the	scope	of	proteins	
studied.	

-  Evaluate	protein	corona	in	vivo	
by	19F	MRS.	
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