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isolate NPs from their environment. In 
situ characterization about the fate of NPs 
could for example help to unravel how 
the interactions of the NPs with biological 
matter affect in vivo toxicity.

The adhesion of proteins to NPs’ sur-
faces is in general nonspecific, i.e., not 
mediated by specific chemical bonds. It 
is rather driven by electrostatic or hydro-
phobic forces between the NPs and the 
proteins, which means that the vast 
majority of NPs are subject to it. A number 
of techniques have been reported to study 
in situ changes in the original physico-
chemical properties of NPs after protein 
corona formation, many of which require 
the use of light. Examples are absorption 
spectroscopy,[6] fluorescence spectros-
copy,[7] dynamic light scattering (DLS),[8] 
fluorescence correlation spectroscopy 

(FCS),[9] circular dichroism (CD),[10] etc. Optical methods can 
be very sensitive and easy to implement,[11] however, they have 
often limited translation to more complex environments, such 
as those encountered in vivo, due to light scattering. It has been 
recently demonstrated that diffusion coefficients of colloidal 
NPs can be determined with a non-optical detection technique 
based on nuclear magnetic resonance (NMR).[12] With this tech-
nique the adsorption of proteins to the surface of the NPs could 
be measured as a reduction in the diffusion coefficient of the 
NPs upon the presence of proteins, equivalent to an increase 

Protein corona formation on the surface of nanoparticles (NPs) is observed 
in situ by measuring diffusion coefficients of the NPs under the presence of 
proteins with a 19F nuclear magnetic resonance (NMR) based methodology. 
Formation of a protein corona reduces the diffusion coefficient of the NPs, 
based on an increase in their effective hydrodynamic radii. With this method-
ology it is demonstrated that the apparent dissociation constant of protein–NP 
complexes may vary over at least nine orders of magnitude for different types 
of proteins, in line with the Vroman effect. Using this methodology, the interac-
tion between one type of protein and one type of nanoparticle can be studied 
quantitatively. Due to the NMR-based detection, this methodology has no inter-
ference by absorption/scattering effects, by which optical detection schemes 
are affected. By using the potential of the NMR chemical shift, the detection of 
multiple 19F signals simultaneously opens the possibility to study the diffusion 
of several NPs at the same time. The 19F labeling of the NPs has negligible 
effect on their acute toxicity and moderate effect on NPs uptake by cells.
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1. Introduction

Engineered nanoparticles (NPs) for biomedical applications 
undergo spontaneous protein adhesion when placed in bio-
logical fluids, such as blood. This phenomenon is known as 
protein corona[1] and it has direct implications in the cellular 
uptake,[2] circulating times,[3] fate,[4] and toxicity[5] of NPs in 
living beings. Thus, in order to learn about the NPs’ interac-
tion with proteins and cells, in situ characterization would be 
helpful, that is, quantification methods without the need to 
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in effective hydrodynamic diameter due to the formation of a 
protein corona. Although the use of our NMR-based detection 
requires higher sample concentrations due to its lower sensi-
tivity as compared to FCS or DLS, the lack of scattering issues 
enabled diffusion measurements in turbid solution (such as 
blood or plasma) and in gels,[12c] in which scattering of light 
would have complicated optical detection.

Blood as an important example of a biologically relevant 
fluid, and as the first one encountered by NPs upon in vivo 
injection, comprises hundreds of different types of proteins. 
Despite albumin being the most abundant protein, it is known 
that other plasma proteins also contribute to the protein corona 
formation.[11,13] Each of those proteins can adsorb with different 
kinetics and binding affinities to the surface of NPs forming 
the so-called protein corona, as outlined generally by Vroman.[14] 
The binding affinity of different types of proteins to NPs’ sur-
faces can be quantified by the apparent dissociation coefficient 
KD′.[15] Protein-concentration dependent measurements of the 
hydrodynamic radii of NPs upon incubation with proteins allow 
for determining KD′ using the Hill model.[15b,16] In the present 
study we explore how generally this principle can be applied to 
different types of proteins, e.g., what range of KD′ values can 
be experimentally addressed by the NMR-based detection tech-
nique. It is known that the formation of the protein corona is 
highly dynamic.[17] While temporal resolution of our NMR-based 
detection may be too slow to follow rearrangements of the pro-
tein corona on a minute timescale, this detection certainly would 
allow for following changes on an hour timescale, which could 
be relevant for in vitro/in vivo degradation effects of NPs.[18]

The versatility of NMR-based detection methods also allows 
for multiplexed detection by using different and distinguish-
able NMR active labels. NMR-based measurements of the 
hydrodynamic radius of NPs in our set-up are enabled by an 
organic fluorine (19F) label present in the surface of the NPs. 
19F in organic molecules has a spectral width in NMR of about 
350  ppm,[19] for which small changes in organic fluorinated 
compounds can have substantial chemical shifts differences in 
NMR. Thus, we can take advantage of this property by modi-
fying NPs with different 19F-functionalized ligands leading to 
differentiated chemical shifts in 19F NMR, based on the used 
ligand in each case. In this way it is possible to simultaneously 
measure the hydrodynamic radii of two types of NPs, each 
modified with a different 19F-functionalized ligand coating.

Nonetheless, the 19F label, due to its high hydrophobicity, 
may affect the interaction of fluorinated NPs with cells, in par-
ticular their endocytotic uptake, as well as potential toxicity. Dif-
ferent degree of 19F labeling thus will not only determine signal 
intensity of NMR-based detection of hydrodynamic radii, but 
also potentially changes the properties of the NPs leading to dif-
ferent NP-cell interactions. In order to investigate this effect, in 
the present study uptake of NPs with different 19F-containing 
coatings, as well as cell viability, was probed in vitro upon incu-
bation of cultured cells with NPs. The incubation of selected 
plasma proteins with the fluorinated NPs and their following 
uptake and cytotoxicity were thus evaluated to obtain feedback 
for future in vitro and in vivo measurements by magnetic reso-
nance-based technology. This is important to explore the poten-
tial of our NMR-based detection of hydrodynamic diameters 
toward potential in vivo applications.

2. Results

2.1. Synthesis and Characterization of Fluorinated  
Gold NPs for NMR Diffusion Measurements

Two types of gold NPs functionalized with fluorinated polyethy
lene glycol (PEG) ligands (HS-PEG-F and HS-PEG-PhF) were 
synthesized following a reported methodology by us.[12c,20] One 
of them was additionally coated with amino-ending PEG ligands 
(HS-PEG-NH2) and further covered with poly(isobutylene-alt-
maleic anhydride) (PMA) polymer, which displays carboxyl 
groups on its surface when placed in water. This type of NP 
was selected as a suitable model for protein corona evaluation, 
based on previous research by us.[12c] For details of the synthesis 
we refer also to the Supporting Information. The second type of 
NP was functionalized with a fluorinated PEG ligand bearing 
a phenyl group (HS-PEG-PhF). Those NPs were named NP-F/
NH2@PMA and NP-PhF, respectively. Transmission electron 
microscopy (TEM) analysis resulted in core radii values, i.e., the 
radii of the gold core without organic ligands[21] rc of 1.8 ± 0.5 nm 
(NP-F/NH2@PMA) and 1.6 ±  0.5 nm (NP-PhF). NPs’ solution 
concentrations were obtained by inductively coupled plasma 
mass spectrometry (ICP-MS) analysis and colloidal stability was 
verified by ultraviolet-visible spectroscopy.[21] Again, we refer 
to the Supporting Information for these data. The measured 
chemical shift of fluorine atoms by 19F NMR was −71.34  ppm 
and −63.64  ppm for NP-F/NH2@PMA and NP-PhF, respec-
tively. The so-obtained NMR peaks were single and narrow  
(≈ 15 Hz of width), maximizing the signal to noise ratio to favor 
the NMR measurements. That was also reflected in the high 
transverse relaxation time values (T2) which were 856 ± 58 and 
777 ± 14 ms for NP-F/NH2@PMA and NP-PhF, respectively. By 
19F NMR based diffusion measurements, the diffusion coef-
ficients (D) of NP-F/NH2@PMA and NP-PhF in PBS were 
obtained: D = (1.73 ± 0.10) × 10−11 m2 s−1 and D = (2.50 ± 0.02) 
× 10−11 m2 s−1, respectively. According to the Einstein–Stokes 
relation, these diffusion coefficients corresponded to the fol-
lowing hydrodynamic radii (rh):[12c] rh = 14.21 ± 0.84 nm (NP-F/
NH2@PMA) and rh = 9.82 ± 0.10 nm (NP-PhF). This increase 
in hydrodynamic radii as compared to the Au core (i.e., rh vs rc) 
is in line with the ligand shell, which in the case of the PMA-
coated NPs is thicker. Detailed characterization is reported in 
the Supporting Information file.

2.2. Protein Corona Studies from 19F NMR Diffusion 
Measurements

The increment in size of NP-F/NH2@PMA due to the pres-
ence of a protein corona was studied using 19F NMR based dif-
fusion measurements. Thus, NP-F/NH2@PMA was separately 
mixed in phosphate buffered saline (PBS) with increasing con-
centrations of six different proteins, all of which are present 
in plasma: bovine serum albumin (BSA), fibrinogen (FIB), 
apolipoprotein A1 (apoA-I), apolipoprotein E4 (apoE4), apoli-
poprotein E3 (apoE3), and alpha-2-macroglobulin (α2M). The 
crystallographic 3D structures of these proteins are depicted 
in Figure  1A (PDB codes for each protein are provided in 
the Supporting Information). Diffusion coefficients for each 
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sample were measured by 19F diffusion-based NMR in 5  mm 
NMR tubes with a coaxial insert loaded with trifluoroacetic acid 
(TFA) in D2O. From the diffusion coefficients and applying 
the Einstein Stokes relation, the hydrodynamic radii (rh) were 
calculated. The so-obtained rh values were plotted against 
the protein concentration c as employed in each measure-
ment. In all cases a size increase was detected with increasing 
concentration of each protein up to a saturation point, as it can 
be seen in Figure  1B. A sigmoidal concentration dependent 
curve was obtained in all cases and fitted to the Hill model 
(Figure 1B).[12c] From the fits based on the Hill model it is pos-
sible to calculate the apparent dissociation constant (KD′) as an 
indication of the strength of the interaction between NPs and 
their corona. The KD′ represents the protein concentration at 
which half of the NP surfaces are saturated with protein. The 
fit yields also the Hill coefficient (n), which is related to the 
cooperativity of the system, the maximum possible number 
(Nmax) of proteins attached to the surface of NPs, and the  

maximum hydrodynamic radius rh(max) (cf. Table 1). The size 
increment (Δrh) as observed for each protein after saturation is 
summarized in Table 1. It ranges from 5.5 ± 0.6 nm for BSA to 
9.84 ± 0.49 nm for α2M. In all cases the fitting concluded that all 
bindings were cooperative (n > 1). According to the Hill model, 
we obtained (KD′) values ranging from (9.1  ±  1.0) × 10−14 m  
for α2M to 24.73  ±  1.17  × 10−6 m for apoA-I, which means 
that we were able to detect events happening at substantially 
low protein concentrations but also in a wide range of values. 
These data indicate the huge bandwidth of protein binding to 
NPs, with dissociation constants spanning nine orders of mag-
nitude in the present case. α2M turns out to be an extremely 
strong binder, which saturates the NP surface at nine orders 
of magnitude lower concentrations than apoA-I, which was 
the weakest binder from the here investigated proteins. The 
obtained KD′ values are more or less consistent with reported 
data for PMA coated NPs exposed to either BSA or HSA 
measured by NMR[12c] or FCS.[22] For the rest of the proteins 
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Figure 1.  A) Structure of the six proteins investigated in this study. For apoA-I, the tetrameric form is depicted as it is the only reported crystallographic 
structure. B) Protein concentration c dependent raise in hydrodynamic radius rh is measured for the six different proteins depicted in (A). The error bars 
correspond to the standard deviation of 2 to 3 measurements. The blue line represents a fit according to the Hill model. The obtained fit parameters 
are enlisted in Table 1.
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there is around one order of magnitude of difference between 
reported data and ours (Table S5, Supporting Information),[22b,d] 
although there are no available data for all of the tested pro-
teins and comparison is not straightforward due to the different 
sizes of NPs reported, which may affect the protein adhesion 
equilibrium.[13] Additionally, it must be taken into account that 
apolipoproteins are known to self-associate in solution at cer-
tain concentration ranges to form dimers, tetramers and even 
octamers (particularly for apoA-I),[23] for which in our experi-
ments we can foresee competing interactions between self-asso-
ciation of proteins, single protein adhesion to the NP surface 
and oligomer adhesion to NP surface or to already attached 
proteins to NPs. A detailed comparison of the here obtained 
data with literature values can be found in the Supporting 
Information. For obtaining values for Nmax, it is required to 
know the volume that a single protein occupies on the surface 
of the NP.[15b] For the calculations shown in Table  1 we have 
used a protein volume (VP) calculated from the reported stokes 
radius (rs) of each protein, and we have assumed that they all 
behaved as spheres in solution. For comparison purposes, we 
performed the same calculations by using the reported gyra-
tion radius (rg), the radius derived from the experimentally 
observed corona thickness (rΔ) and the VP obtained from the 
crystallographic 3D structures (Table S4, Supporting Informa-
tion). Whenever literature data were available, the volume of 
associated apolipoproteins in the form of tetramers was also 
considered for calculations. These calculations led to very dif-
ferent Nmax values, as proteins differed from a globular shape, 
and for the case of FIB, which is elongated, the Nmax varied 
from 4 to 144 protein units, or in the case of apolipoproteins 
from a few hundreds to the thousand protein units (Table S4, 
Supporting Information). Nonetheless, it must be mentioned 
that in all cases we were assuming that proteins do not change 
their morphology upon contact with NPs. However, we cannot 
assess morphological changes or protein denaturation by this 
methodology. Thus, the values obtained for Nmax have moderate 
reliability and in fact in some of the assumptions would be 
higher that the number of proteins which could actually fit onto 
the NP surface geometrically in the form of a monolayer. Addi-
tionally, and for comparison purposes with other reported sys-
tems of different size, we also calculated the area occupied by 
each protein upon full corona formation (Table 1 and Table S5,  
Supporting Information). The area occupied by each protein 
under saturation conditions was obtained by dividing the NP’s 

surface area A(0) = 4·π·(rh(0))2 by the Nmax value, and it was 
mostly in agreement with data reported for other NPs, although 
big differences were noted for FIB and apoA-I, depending 
on which Nmax value was considered (Figure S16, Supporting 
Information). All detailed data are summarized in Tables S4 
and S5 (Supporting Information).

2.3. Multiplexed Studies of Protein Corona from 19F NMR  
Diffusion Measurements

By using NPs with fluorinated labels with different chemical shift 
(δ) in 19F NMR, it is possible to monitor the hydrodynamic radii 
of more than one type of fluorinated NPs in the presence of the 
same protein. To illustrate this, NP-PhF (δ  =  −63.64  ppm) was 
mixed with NP-F/NH2@PMA (δ  =  −71.34  ppm) in PBS in the 
presence of a fixed concentration of α2M (0.05 × 10−6 m). NMR 
diffusion measurements were performed as described before in 
a 5  mm NMR tube with a coaxial insert carrying TFA in deu-
terated water. Since the signals from each type of NPs are suf-
ficiently apart (Δδ ≈ 8 ppm), it is possible to analyze the intensity 
decay in the NMR spectra of each NP independently. Thus, the 
obtained values for the diffusion coefficient D for each type of 
NPs in the presence of α2M were (1.02  ±  0.01) × 10−11 m2 s−1  
and (2.21  ±  0.11) × 10−11 m2 s−1 for NP-F/NH2@PMA and 
NP-PhF, respectively. Those D values correspond to rh values of 
24.15  ±  0.17  nm (NP-F/NH2@PMA) and 11.09  ±  0.53  nm (NP-
PhF), and the Δrh values were 9.94  ±  1.01 and 1.27  ±  0.63  nm 
for NP-F/NH2@PMA and NP-PhF, respectively, see Figure  2. 
Hence, while NP-F/NH2@PMA was totally coated with α2M, 
NP-PhF barely interacted with the same protein concentration. 
This could be explained by the very different surface of both NPs, 
one of them coated with PMA, a polycarboxylated polymer, and 
the other one coated with fluorinated phenyl moieties. These data 
clearly demonstrate that the here reported methodology can be 
applied to observe in situ the hydrodynamic radii over several NP 
types in the same environment in a multiplexed way, allowing for 
example for direct comparison and/or integration of control NPs.

2.4. NP Synthesis for Cellular Cytotoxicity and Uptake Studies

Fluorinated (NP-F) and non-fluorinated NPs (NP-OH), com-
bined or not with carboxyl (NP-F/COOH and NP-OH/COOH) 
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Table 1.  Fit parameters as obtained for the data shown in Figure  1B after applying the Hill model. rh(0) is the experimentally obtained value for 
c = 0, whereas rh(0)(fit) is the value as derived from the fit for c = 0. rh(max)(fit) is the saturation value as obtained from the fit.

Parameters BSA FIB apoA-I apoE3 apoE4 α2M

rh(0) [nm] 13.89 ± 0.46 14.21 ± 0.84 14.21 ± 0.84 14.21 ± 0.84 14.21 ± 0.84 14.21 ± 0.84

rh(0)(fit) [nm] 13.99 ± 0.18 14.05 ± 0.23 14.11 ± 0.15 14.14 ± 0.19 14.25 ± 0.31 13.97 ± 0.32

rh(max)(fit) [nm] 19.49 ± 0.42 21.30 ± 0.38 20.68 ± 0.13 21.49 ± 0.09 23.48 ± 0.29 23.80 ± 0.17

Δrh [nm] 5.50 ± 0.60 7.25 ± 0.61 6.57 ± 0.28 7.35 ± 0.28 9.23 ± 0.60 9.84 ± 0.49

K′D [µM] 17.02 ± 2.89 0.21 ± 0.05 24.73 ± 1.17 0.0087 ± 0.0008 0.0014 ± 0.0003 (9.1 ± 1.0) × 10−8

Nmax 110 ± 12 6 ± 1 94 ± 3 120 ± 3 167 ± 8 14 ± 0

n 1.2 ± 0.3 1.1 ± 0.2 3.3 ± 0.4 1.4 ± 0.2 1.5 ± 0.3 1.7 ± 0.2

A(0)(fit)/Nmax [nm2] 22 423 27 21 15 181
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or amino (NP-F/NH2 and NP-OH/NH2) ending PEG ligands 
were prepared to study the influence of fluorine content, surface 
charge, and hydrophobicity of the NPs on NP uptake by cells 
and potential influence on cell viability. NP-F contained 100% 
of fluorinated ligands, NP-F/COOH and NP-F/NH2 had 65% of 
fluorine ligands and NP-OH, NP-OH/COOH, and NP-OH/NH2 
had 0% of fluorine content. These NPs were prepared following 
the same procedure as already described by us.[12c,20] TEM 
analysis showed rc values ranging from 1.5 ± 0.5 to 1.9 ± 0.7 nm 
for all six types of NPs (we refer to the Supporting Information 
for the raw data). Regarding their zeta potential NP-F, NP-OH, 
NP-F/COOH, and NP-OH/COOH are negatively charged with 
zeta potential values ζ between −24.0 ±  0.7 and −8.6 ±  0.1 mV 
and NP-F/NH2 and NP-OH/NH2 are positively charged with 
zeta potential values of 25.0 ± 0.9 and 15.6 ± 0.4 mV, respectively. 
Interfacial tension (IFT) measurements[24] were performed with 
all six types of NPs to assess hydrophobicity and the following 
trend from higher to lower hydrophobicity was observed: NP-F 

≈ NP-F/NH2  > NP-F/COOH > NP-OH ≈ NP-OH/COOH ≈ 
NP-OH/NH2. Detailed synthetic and characterization data are 
reported in the Supporting Information file.

2.5. Cell Viability and Uptake Assays: Influence of Fluorine Label

HeLa cells (7.5 × 103 cells per well) were independently exposed 
to the different types of NPs in NP concentrations cNP (these 
are not elemental concentrations, but NP concentrations[21]) 
ranging from 0 to 1.75 × 10−7 m. Exposure was carried out for 
either 24 or 48 h, both in the presence and absence of fetal 
bovine serum (FBS), to also take into account the protein corona 
influence. It was observed that none of the NPs reduced cell via-
bility under the given exposure conditions, independently from 
the NP surface or concentration, FBS presence or absence and 
incubation time. This demonstrates that the presence of the 19F 
label does not impose additional toxicity which would prevent 
diffusion coefficient measurements in the presence of cells. 
Concerning potential use of the NPs with 19F label for meas-
uring protein adsorption in vitro/in vivo, two scenarios need 
to be differentiated. First, for measurements inside cells the 
NPs should be internalized. However, endocytosis may induce 
agglomeration of the NPs inside intracellular vesicles, and thus 
this route still needs to be explored. Second, protein corona 
formation could be potentially measured in vivo in blood. In 
this scenario the NPs should have long circulations times, i.e., 
should not be internalized by cells (e.g., macrophages). Here 
we explore the 2nd strategy, in which the uptake of NPs by 
cells should be as low as possible, and whether the degree of 
19F labeling plays any role. Subsequently, cellular uptake studies 
were performed and quantified by ICP-MS analysis of incu-
bated cells with NPs (Figure 3). For uptake experiments, HeLa 
cells (2.2  ×  105 cells per well) were incubated separately with 
each type of NP at either 5 × 10−8 or 1 × 10−7 m of NP concentra-
tion, in the presence or absence of FBS and for 24–48 h. In all 
cases it was noticed that uptake increased with increasing NP 
concentration (5 × 10−8 vs 1 × 10−7 m), and it also increased with 
exposure time (24 vs 48 h). Those differences were more notice-
able in the absence of FBS, where the surface of NPs is exposed 
due to the absence of protein corona, in line with the general 
believe that differences in surface chemistry are “smeared-out” 
in serum containing medium.[25] Nonetheless, the uptake for all 
6 types of NPs was relatively low as compared to other NPs[26] 
and was below 0.5 pg per cell in all cases. This is due to the 
PEG coating, which involves lower NP internalization than 
for PMA-coated NPs.[2,27] There was no stunning effect due to 
the 19F labeling. Usually, positively charged NPs are reported 
to be internalized more than neutral or negatively charged 
ones due to increased interaction with the negatively charged 
cell membrane. However, in our case, no differences in uptake 
were observed due to differences in charge, with or without 
19F label. This effect however can strongly depend on the used 
cells and it is often not as evident as generally believed.[25] Some 
small contribution from hydrophobicity was detected, though. 
Indeed, the highest uptake was recorded for NP-F (1 × 10−7 m) 
incubated for 48 h in the absence of FBS. At 5 × 10−8 m concen-
tration, NP-F was also the most internalized NP, but with little 
difference with respect to the others. However, in the presence 
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Figure 2.  Two different types of NPs (NP-PhF and NP-F/NH2@PMA) 
were exposed simultaneously in the same vessel to different concentra-
tions c of α2M. Due to the different fluorine labels, the hydrodynamic 
radii rh of both types of NPs could be detected simultaneously, demon-
strating the feasibility of multiplexed measurements.
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of FBS the highest uptake was for NP-F/NH2 (1 × 10−7 m) incu-
bated for 48 h. According to our IFT measurements (see the 
Supporting Information) both, NP-F and NP-F/NH2 are the 
most hydrophobic NPs with very similar values of interfacial 
tension. There is always the discussion to which extend labeling 
interferes with the physicochemical properties of NPs. Our data 
here demonstrate that 19F labeling may moderately affect inter-
action of NPs with cells, which needs to be considered while 
interpreting results of diffusion coefficient measurements.

3. Discussion

In this work the 19F NMR-based methodology to measure 
protein corona[12c] has been extended to relevant plasma pro-
teins. As for other methods used to study formation of the 
protein corona based on changes in hydrodynamic diameter 
of the NPs, our methodology does not provide information at 

a molecular level. For this, mass spectrometry-based analysis 
is needed, which however in particular in the case of in vivo 
measurements required extraction and purification of the NP 
sample.[3] In the case of concentration-dependent size measure-
ments the fitting of the data to the Hill model can only give a 
rough estimation and perhaps a rather simplistic interpretation 
of the protein adhesion equilibrium. On the one hand, the KD′ 
values, representing the protein concentration at which half of 
the NP surface is covered with proteins, can be obtained experi-
mentally from the measured data as the half point of the curve 
and can be interpreted directly. However, uncertainties such as 
the protein 3D structure once adsorbed onto the NPs’ surface 
or the association state of apolipoproteins in solution, makes 
that fitting parameters such as the Hill coefficient or the Nmax 
value can only be interpreted roughly because of the complexity 
of the system. Indeed, we cannot assume that there is only one 
type of interaction, i.e., NP-protein, at play. Competing inter-
actions between single apolipoproteins, protein oligomers, and 
NPs are undetectable by our methodology and therefore cannot 
be considered in the data analysis. Also, we cannot rule out that 
there could be (small) patches of NP-F/NH2@PMA that may 
not be fully coated with PMA, exposing some of the PEGylated 
fluorinated ligands. This will also complicate the data analysis 
because different types of interactions with the same protein 
may take place on the surface of each NP.

The presence of a fluorine label enables the measurement 
of diffusion coefficients of fluorinated NPs in the presence of 
plasma proteins, which naturally lack fluorine. Cytotoxicity and 
uptake studies suggest that the fluorine label does not have a 
great impact on the uptake of NPs by HeLa cells and the inter-
nalization is very low as expected for PEGylated NPs irrespec-
tive of the overall charge. Hydrophobic NP-F and NP-F/NH2 had 
slightly greater uptake than the rest of NPs, although still low. 
The low internalization may account for the lack of toxicity at 
all of the concentrations tested. No big differences were detected 
when incubations were performed either in the presence or 
absence of FBS, although in the presence of serum the internali-
zation rate was in general lower than in its absence. Nonethe-
less, proteins such as fibrinogen are not present in FBS because 
the blood is clotted before serum collection and the fibrin con-
taining clot removed.[28] However, hydrophobic proteins seem to 
interact strongly with hydrophobic NPs as we observed in pre-
vious studies by incubating NP-F and NP-F/NH2 with FIB[12c] for 
which the contribution from hydrophobicity is not fully assessed.

4. Conclusion

In conclusion, we have proven that our NMR-based method-
ology can be extended to observe the protein corona formation 
over six relevant plasma proteins in situ, that is, in equilibrium 
with excess unbound proteins. Relevant data regarding the 
increase in hydrodynamic radii due to the presence of a protein 
corona and the affinity of each protein toward the NP’s surface 
can be obtained from our analysis and have been characterized 
for each protein. The use of 19F labels on our NPs enables the in 
situ measurements benefiting from the natural absence of fluo-
rine in plasma proteins. Combining different fluorine labels, 
it has been possible to measure the interaction of one protein 
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Figure 3.  A) Illustration of the fluorinated (NP-F, NP-F/COOH, and 
NP-F/NH2) and nonfluorinated NPs (NP-OH, NP-OH/COOH, and 
NP-OH/NH2) used for cellular uptake and cytotoxicity assays. B) Amount 
of internalized NPs per cell m [pg per cell] upon exposure of HeLa cells 
for t = 24 or 48 h to different types of NPs at NP exposure concentration 
of 1 × 10−7 m in serum free medium.
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at a fixed concentration with two different NPs. Such fluorine 
label does not have a cytotoxic effect on HeLa cells most likely 
due to the low internalization detected by ICP-MS analysis of 
lysed cells. Most importantly, as this NMR-based detection is 
not subject to absorption/scattering effects of tissue, it could 
be potentially employed under optically non-transparent con-
ditions, which is a requirement for potential future in vivo 
application.

5. Experimental Section
Diffusion Measurements in the Presence of Proteins by 19F NMR and Size 

Calculation: All NMR data were collected on a Bruker AVANCE III NMR 
spectrometer (11.7 T, 470.59 MHz for 19F) equipped with a 5 mm 1H/19F 
BBI probe with actively shielded z-gradient that was used in combination 
with a Bruker gradient amplifier providing a maximum current of 10 A, 
which results in a maximum 56 G cm−1 gradient. NP (cNP ≥ 0.5 × 10−6 m) 
and protein mixtures (465  µL) of known concentrations were placed 
in 5  mm standard NMR tubes with a coaxial insert carrying TFA in 
D2O (0.024% v/v) as a reference for chemical shift. 19F diffusion NMR 
measurements were performed using stimulated echo with bipolar 
gradient pulses from Bruker’s sequence library (stebpgp1s) with the 
following parameters: 4k acquisition points, SW 15  ppm, NS ≥ 480, 
DS 32, D1 2 s, D20 (gradient length) 0.6 s, P30 (diffusion delay/2) 
2.0 ms, and 12 equally spaced gradient strengths from 5 to 95%. NMR 
measurements were performed using deuterium lock at 25 °C. Diffusion 
spectra were analyzed using Mnova 12.0 software. Full details with the 
concentrations used for each experiment are displayed in the Supporting 
Information. As in a previous work,[12c] diffusion constants for each 
sample were calculated by fitting the NMR signal intensity (I) decay 
to a monoexponential decay equation with the scaling factor B with or 
without an off-set A (I = A + B⋅e−D⋅Z), where I is directly measured on 
the NMR spectra, the diffusion constant (D) is obtained from the fitting 
and Z corresponds to the Z values, i.e., the gradient strengths scaled 
according to the Tanner–Stejskal model (Z  = (γδG)2(Δ  − δ/3)) being γ 
[Hz T−1] the gyromagnetic ratio of 19F, δ [s] the gradient length, Δ [s] the 
diffusion delay, and G [T m−1] the gradient strength. Subsequently, the  
hydrodynamic radii rh for each NP sample were calculated using 
the diffusion constant D and applying the Einstein–Stokes relation, 
assuming spherical shape for NPs (rh  = kBT/(6πηD)), where, rh is  
the hydrodynamic radius, η is the dynamic viscosity, T is the absolute 
temperature in Kelvin, D is the diffusion constant, and kB is the 
Boltzmann constant. All experimental procedures are detailed in the 
Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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