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ABSTRACT: Nanoparticles find increasing applications in life science and
biomedicine. The fate of nanoparticles in a biological system is determined by their
protein corona, as remodeling of their surface properties through protein adsorption
triggers specific recognition such as cell uptake and immune system clearance and
nonspecific processes such as aggregation and precipitation. The corona is a result of
nanoparticle−protein and protein−protein interactions and is influenced by particle
design. The state-of-the-art design of biomedical nanoparticles is the core−shell
structure exemplified by superparamagnetic iron oxide nanoparticles (SPIONs) grafted
with dense, well-hydrated polymer shells used for biomedical magnetic imaging and
therapy. Densely grafted polymer chains form a polymer brush, yielding a highly repulsive barrier to the formation of a protein
corona via nonspecific particle−protein interactions. However, recent studies showed that the abundant blood serum protein
albumin interacts with dense polymer brush-grafted SPIONs. Herein, we use isothermal titration calorimetry to characterize the
nonspecific interactions between human serum albumin, human serum immunoglobulin G, human transferrin, and hen egg lysozyme
with monodisperse poly(2-alkyl-2-oxazoline)-grafted SPIONs with different grafting densities and core sizes. These particles show
similar protein interactions despite their different “stealth” capabilities in cell culture. The SPIONs resist attractive interactions with
lysozymes and transferrins, but they both show a significant exothermic enthalpic and low exothermic entropic interaction with low
stoichiometry for albumin and immunoglobulin G. Our results highlight that protein size, flexibility, and charge are important to
predict protein corona formation on polymer brush-stabilized nanoparticles.
KEYWORDS: core−shell nanoparticle, protein corona, protein adsorption, isothermal titration calorimetry, poly(2-ethyl-2-oxazoline),
poly(2-alkyl-2-oxazoline)

■ INTRODUCTION

Core−shell nanoparticles are an exciting tool for many current
and future biomedical applications.1−4 They are biphasic
composite materials consisting of an inner core and an outer
shell with different material properties. An inorganic core, for
example, iron oxide, can be used as a contrast agent for
bioimaging or as a signal-transducing element for in vivo
biosensing, while a polymeric, porous, or vesicle core can act as
a storage and release vessel for drug delivery.3,5 The
physicochemical properties of a nanoparticle determine their
usefulness in these respects and decide their biological fate.6,7

These properties are highly dependent on the shape, size, and
type of the material and, therefore, extremely sensitive to
aggregation with other particles or macromolecules in the
environment.6,8

It is well established that biomolecules in biofluids adsorb
immediately onto the surface of the nanoparticles.9,10 The
dominant molecules adsorbing to and altering the properties of
the nanoparticles are proteins, which is why this layer was
named the protein corona by Cedervall et al.11 Our
understanding of the importance of the protein corona has
evolved dramatically over the last decade.12 Today, it is
understood as the single most crucial factor to determine the

fate and, therefore, the efficacy of nanoparticles in medical
applications.11,13 Proteins with high affinity to a nanoparticle
form a dense and irreversibly adsorbed “hard protein corona”.
In contrast, proteins with low affinity form a loosely bound
“soft protein corona” in equilibrium with the bulk.6,11,14−16

The “hard corona” is easy to analyze, while only little is known
about the amount and identity of proteins in the “soft corona”
because of the low affinity and weak binding of the involved
proteins.17

Major contributions have been made to our understanding
of how physicochemical parameters of the surface of a
nanoparticle influences which proteins are incorporated into
the corona and how thick the corona is.12,18 This has led to the
consensus that nanoparticles for biomedical applications
require a hydrophilic surface coating that entropically penalizes
protein adsorption, with polymer brushes as the leading
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candidates to fulfill this role.12 The highly hydrated polymer
brush forms a steric barrier. It gives rise to a repulsive
hydration force that screens attractive van der Waals (vdW)
and charge interactions between the core and biomolecules if
the shell is sufficiently thick and dense.19,20 An example of this
concept used in the biomedical field is superparamagnetic iron
oxide nanoparticles (SPIONs) with a hydrophilic polymer
shell. They are considered low-toxic and biocompatible
nanomaterials suitable as magnetic resonance contrast
agents21,22 for hyperthermia cancer therapy23,24 or separation
of biomolecules.25 We26−28 and others29,30 have demonstrated
that SPIONs stabilized with irreversibly grafted and dense
polymer brush shells can exhibit outstanding colloidal stability
in biological media. Further, the suppression of the SPION−
protein and SPION−cell membrane interaction correlated
with negligible uptake of nanoparticles by various phagocytic
cells in vitro.26−28

Intravenous injection is still considered the most important
and effective administration form for medical nanoparticles.5,31

Thus, the adsorption of serum proteins on nanoparticles is of
the highest interest and relevance.20 Nonspecifically adsorbed
proteins in the corona can lead to reduced bioavailability and
also trigger specific uptake and transport. Certain adsorbed and
intact transport proteins, such as transferrin, have been
reported to lead to increased intracellular uptake by cells,31,32

while adsorption of opsonins is believed to increase clearance
by the immune system. The “Vroman effect” describes how the
protein species in the protein corona is changing over time.
Blood serum is a protein-rich environment, and abundant
proteins, such as albumin, IgG, and fibrinogen, will adsorb first
and will later be replaced by proteins with a lower dissociation
constant (KD).

32,33 In a protein-poor environment, such as the
lungs, abundant proteins such as albumin and transferrin
dominate the protein corona also in the late phase.34

Nanoparticles rapidly circulate the vasculature. Thus, the
early stages of the protein corona formed in the protein-rich
blood environment are likely decisive for the fate of
intravenously injected nanoparticles, which adds urgency to
understanding which blood proteins associate with stealth
nanoparticles because of abundancy or high affinity.20

Isothermal titration calorimetry (ITC) measures the heat
given up or needed by chemical-, enzymatic-, or binding
interactions as a function of relative concentration.35−37 The
heat of binding of a substrate to its binding partner is
integrated per injection to obtain the binding enthalpy (ΔH).
The dissociation constant (KD) (or the Gibbs free energy, ΔG)
and the stoichiometry of binding (n) are extracted by fitting a
model for the binding interaction to the titration curve. These
parameters are relatively insensitive to the experimental
conditions, while the accuracy of the determination of the
binding enthalpy (ΔH) and entropy (ΔS) is sensitive to the
affinity, concentration, and stoichiometry of the reactants
during the measurements.38−40 ITC is heavily used in enzyme
research, as well as to determine receptor and transport protein
interactions in drug discovery. It has also been applied to
investigating the binding of protein coronas to nanoparticles
with differently tailored surface interactions,15,41,42 but there
are fewer examples of its application to the more demanding
task of quantifying the interaction of nanoparticles designed to
suppress the binding of proteins.18,43

We recently used ITC to show that bovine serum albumin
adsorbs to SPIONs, even when they are grafted with dense
linear polymer brushes that provide them with perfect colloidal

stability and negligible cell uptake.43 ITC possessed sufficient
sensitivity to quantify the nonspecific association to the core−
shell SPION of, on average, ∼1 albumin per particle with an
adsorption energy of <10 kBT. Such partial soft coronas could
still be decisive for outcomes in vivo and deserve further
investigation. In follow-up work, we demonstrated that human
serum albumin (HSA) adsorption is completely suppressed on
SPION with a brush shell architecture using cyclic topology
compared to the traditional linear brush-stabilized particles
ubiquitously in use.44,45 This architecture densifies the shell
close to the nanoparticle’s core and suggests that protein−core
interactions are not entirely screened even for densely grafted
linear brush particles. It is still unclear whether the adsorption
takes place to the core, in the shell, or onto the dense brush,
but the attractive interactions between proteins and particles
occur with the core. While the association with albumin has
been implicated in prolonging circulation times of drug
delivery vehicles in vivo and could be beneficial, association
with other proteins, such as opsonins, could significantly affect
uptake and biodistribution of nanoparticles and be decidedly
detrimental to biomedical applications.43 Until now, a
quantitative study on the weak adsorption of different kinds
of proteins on stealth polymer brush-grafted nanoparticles is
missing.
In this work, we quantify the nonspecific interaction

between four serum proteins (albumin, immunoglobulin G,
transferrin, and lysozyme) and SPIONs grafted with
thermoresponsive, methyl-terminated poly(2-alkyl-2-oxazo-
line) (PAOZ) shells. This SPION design should be resistant
to protein adsorption in the hydrated state of PAOZ, that is,
below the critical solution temperature (CST) of the grafted
polymer.28 Recent findings of immunogenic effects due to
heavy dosing of nanoparticles stabilized with poly(ethylene
glycol) (PEG) leading to decreased blood circulation
times10,32,46,47 have led to a search for alternatives to
PEG.10,47 We choose poly(2-ethyl-2-oxazoline) (PEtOZ) and
poly(2-ethyl-2-oxazoline)-co-poly(2-isopropyl-2-oxazoline)
(PEtIOZ) as a substitute because of their similar properties to
PEG below the CST in suppressing protein interactions and
their ability to change solubility as a function of temperature.
The thermoresponsiveness of PAOZ allows the design of true
“smart” nanoparticles capable of triggered cell attachment and
detachment or targeted drug delivery.43,48,49 Two different
SPIONs were synthesized to highlight the impact of different
polymer brush densities and particle sizes. The same average
number of polymer chains was grafted onto spherical
monodisperse iron oxide cores of different diameters, leading
to disparate grafting densities. Both SPIONs show high
colloidal stability, but only the particles with the higher
grafting density are known to show suppressed uptake by
phagocytic cells.26−28,50−52

We selected four proteins for their relevance to biomedical
applications. Albumin, immunoglobulin G (IgG), and trans-
ferrin are globulins found in abundance in serum. Lysozyme is
a secreted enzyme with a very low concentration in blood
serum.53 It was chosen as a low-molecular-weight protein to
probe whether a small size is instrumental to protein
adsorption into dense polymer shells. Albumin on nano-
particles can promote phagocytosis, despite its use to prolong
the circulation of therapeutic molecules.9,32 IgG is an opsonin
that triggers phagocytosis and activation of the complement
system.9,54 Even if the IgG does not recognize and bind
specifically to the nanoparticles, their nonspecific adsorption
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will trigger the same activation. Transferrin controls iron
transport to the cytoplasm, and it has been suggested to
influence transport across the cell membrane when adsorbed to
the nanoparticle surface.31,32

■ MATERIALS AND METHODS
Materials. All chemicals used in the nanoparticle synthesis were

purchased from Merck and used as received unless otherwise
indicated . The except ions were (1-cyano-2-ethoxy-2-
oxoethylidenaminooxy)dimethylamino-morpholino-carbenium hexa-
fluorophosphate (COMU) that was purchased from Carl Roth, 2-
ethyl-2-oxazoline that was dried over CaH2 before use, and methyl-p-
toluenesulfonate that was distilled before use. (4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES), NaCl, KCl, recombinant
human serum albumin, hen egg lysozyme, human transferrin, and
human immunoglobulin G (IgG) from serum were purchased from
Sigma-Aldrich. Regenerated cellulose 0.22 μm syringe filters were
purchased from Bruckner Analysentechnik.
Synthesis of SPIONs. The synthesis of oleic acid-coated SPION

followed established protocols.32,33 Briefly, iron oxide nanoparticles
were synthesized by thermal decomposition of iron(0)pentacarbonyl
in dioctyl ether in the presence of oleic acid, leading to highly
monodisperse, spherical, single-crystal iron oxide nanoparticles. The
molar ratio between iron(0)pentacarbonyl and oleic acid determines
the size of the resulting particles. By increasing the amount of oleic
acid, the size of the nanoparticles will also increase.32,55

Polymerization of 2-Ethyl-2-oxazoline to Poly(2-ethyl-2-
oxazoline) (PEtOZ). 2-Ethyl-2-oxazoline (4 mL, 39 mmol) was
dissolved in 12 mL of dimethylacetamide (DMA) under an inert
atmosphere. Methyl p-tosylate (29 μL, 0.19 mmol) was added to the
reaction solution. The reaction was stirred for 16 h at 100 °C.
Afterward, the reaction was quenched with 400 μL of water at 70 °C
for another 5 h. The quenching with water introduces a terminal OH-
group. The final product was precipitated with a 1:1 (v/v) mixture of
diethyl ether and hexane and dried under vacuum. A quantitative yield
of 4.7 g was obtained. The molecular weights were determined with
gel permeation chromatography (GPC) and were 22,900 g/mol with
a polydispersity index (PDI) of 1.12.
Polymerization of 2-Ethyl-2-oxazoline and 2-Isopropyl-2-

oxazoline to Poly(2-ethyl-2-oxazoline-co-2-isopropyl-2-oxa-
zoline) (PEtIOZ). 2-Isopropyl-2-oxazolnie (2.5 mL, 21 mmol) and
2-ethyl-2-oxazoline (0.2 mL, 2 mmol) were dissolved in 8 mL of
DMA under an inert atmosphere. Methyl p-tosylate (30 μL, 0.2
mmol) was added to the reaction solution. The reaction was stirred
for 16 h at 100 °C. Afterward, the reaction was quenched with 200 μL
of water at 70 °C for another 5 h. The quenching with water
introduces a terminal OH-group. The final product was precipitated
with a 1:1 (v/v) mixture of diethyl ether and hexane and dried under
vacuum. A quantitative yield of 4.7 g was obtained. The molecular
weights were determined with GPC and were 18,285 g/mol with a
PDI of 1.06.
Functionalization of PAOZ. As an example, 4.7 g (0.14 mmol)

of hydroxy-terminated poly(2-ethyl-2-oxazoline) was dissolved in 20
mL of dry chloroform. Succinic anhydride (219 mg, 2.2 mmol) and 4-
(dimethylamino) pyridine (89 mg, 0.7 mmol) were added to the
reaction mixture. The reaction was refluxed for 24 h. The carboxylic
acid-terminated product was precipitated with a mixture of diethyl
ether and hexane (1/1: v/v). Yield: 4.2 g (89%). PEtOZ was end-
functionalized with nitrodopamine (NDA) because of its high affinity
to Fe(III), forming bonds of a near-covalent characteristic.25,36 Amide
coupling of 6-nitrodopamine to the carboxylic acid-terminated
polymer was carried out by dissolving 4.2 mg (0.18 mmol) of
carboxylic acid-terminated poly(2-ethyl-2-oxazoline) in 50 mL of dry
DMF under an inert atmosphere. Subsequently, COMU (235 mg,
0.55 mmol) and diisopropylethylamine (0.3 mL, 1.7 mmol) were
added. Carboxylic acid was activated for 10 min, after which we added
the NDA (201 mg, 0.68 mmol). The reaction mixture was stirred for
24 h. The product was precipitated from diethyl ether and hexane (1/
1: v/v) and dialyzed for 3 days with a cutoff 3.5 kDa. The poly(2-

ethyl-2-oxazoline)-co-poly(2-isopropyl-2-oxazoline) was functional-
ized analogously. Yield NDA-PEtOZ: 3.2 g, 76%; functionalization
100%, NDA-PEtIOZ: 1.7 g, 87, functionalization 65.5%. NMR: 1H
NMR for poly(2-ethyl-2-oxazoline)-NDA δH (300 MHz; MeDO)
7.53 (1H, s, Ar−H), 6.73 (1H, s, Ar−H), 4.27 (2H, CH2OCO−),
3.70−3.20 (4nH, −N−CH2CH2− polymer), 2.60−2.25 (2nH,
CH2CH3, polymer), 1.30−0.95 (3nH, CH2CH3, polymer) (Figures
S1).

1H NMR for poly(2-ethyl-2-co-2-isopropyl-2-oxazoline)-NDA δH
(300 MHz; CDCl3) 7.61 (1H, s, Ar−H), 6.71 (1H, s, Ar−H), 4.27
(2H, CH2OCO−), 3.70−3.20 (4nH, −N−CH2CH2− polymer), 3.0−
2.50 (1nH, CH2CH3, polymer), 2.50−2.20 (2nH, CH2CH3, polymer)
1.30−0.95 (6nH, CH2CH3)2, polymer and (3nH, CH2CH3, polymer),
ratio between EtOZ and IOZ:13:87 (Figure S2).

Characterization of PAOZ. The 1H NMR spectra of polymers
were obtained on a BRUKER AV III 300 MHz spectrometer.
Chemical shifts were recorded in ppm and referenced to a residual
protonated solvent [CDCl3: 7.27 ppm (1H) and MeOD: 3.31 (1H)].
Polymer molecular weights were determined by GPC on a Malvern
Viscotek GPCmax system with three MZ Gel SDPlus columns (a
precolumn, followed by two columns with separation ranges of 10−
2000 and 1−40 kDa, respectively) (Figure S3). A Knauer Smartline
RI Detector 2300 detected the difference in the refractive index.
Dimethylformamide (DMF) with 0.05 LiBr was used as eluent.
Samples (50 μL) with a concentration of 3 g/L were injected and
measured at 60 °C at a flow rate of 0.5 mL/min. Polystyrene
standards of 1.5−651 kg/mol were used for external calibration. The
analysis was performed with the OminSEC 5.12 software.

Grafting of NDA-Functionalized PAOZ to Iron Oxide Cores.
Wet iron oxide nanoparticles (with an inorganic fraction of 10 weight-
%) were dissolved in 0.5 mL of toluene. PAOZ (1 g) terminated with
NDA was dissolved in 12 mL of DMF. Both solutions were mixed and
sonicated for 24 h. The product was precipitated with diethyl ether
and hexane (1/1: v/v) and dialyzed for 3 days with a cutoff of 100
kDa to remove all excess dispersant. The 5 nm cores were grafted with
NDA-PEtOZ. The 8 nm cores were grafted with NDA-PEtIOZ.

Characterization of PAOZ-Grafted SPIONs. Transmission
electron micrographs were recorded on an FEI Tecnai G2 with a
160 kV acceleration voltage on carbon-coated grids. Nanoparticle size
distributions were calculated with the freeware Pebbles40 based on the
analysis of >1000 NPs (Figures S4 and S5). Thermogravimetric
analysis (TGA) of the core−shell nanoparticles was performed on a
Mettler Toledo TGA/DSC with 80 mL/min synthetic air as the
reactive gas, 20 mL/min nitrogen as a protective gas, and a heating
rate of 10 K/min from 25 to 650 °C (Figures S6 and S7). Mass loss
from 150 to 500 °C was assigned to the polymer shell, while the
residual mass was attributed to the inorganic core. The mass loss was
corrected for the losses recorded up to 150 °C, which are due to
moisture or solvent residues. The grafting density, σ, was calculated
using

V N

M A

(% w / w)
(% w / w) ironoxide core A

ligand core

shell

coreσ
ρ

=

where σ is the grafting density, (% w/w)shell is the percentage of mass
loss in TGA for the organic fraction corresponding to the ligand shell,
NA is the Avogadro constant, ρiron oxide is the density of iron oxide,
Vcore is the volume, Acore is the area of the iron oxide core calculated
from the diameter of the cores measured by TEM, Mligand is the
molecular weight of the ligand, and (% w/w)core is the residual mass
percentage of the inorganic fraction in TGA.

Dynamic Light Scattering Measurements. The hydrodynamic
diameters (DH) of the particles were measured with a Malvern
Zetasizer Nano-ZS dynamic light scattering (DLS) device (Malvern
Panalytical Ltd, Malvern, UK). The mass concentration of particles in
HEPES-BS buffer was 10 μg/mL, and the measurements were
performed at 25 °C. Each reported distribution is an average of 30
runs, and the CONTIN algorithm was used to extract the number-
weighted size distributions.
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Preparation of Iron Oxide Core−Shell Nanoparticle Dis-
persions and Protein Solutions. From 2.4 g of HEPES, 8 g of
NaCl, and 0.2 g KCl in a final volume of 1 L of Milli-Q water,
HEPES-buffered saline (HEPES-BS) was prepared, yielding a final
concentration of 137 mM NaCl, 10 mM HEPES, and 2.7 mM KCl.
The pH was adjusted to 7.4 by the addition of NaOH. The buffer was
filtered with a 0.22 μm syringe filter, sterilized at 121 °C and 2 bar,
and stored at 4 °C. Before use, the buffer was degassed for 20 min
using a sonicator (Elma Transsonic T 460 bath sonicator),
equilibrated to 25 °C for 10 min using a water bath, and filtered
again through a 0.22 μm syringe filter. An analytic balance (Sartorius
Secura Micro Balance) was used to weigh particles and proteins.
HEPES-BS was used to dissolve the proteins and disperse the particles
to the stock concentrations used in the measurements described
below. All particle dispersions were produced fresh and used the same
day.
Isothermal Titration Calorimetry. A Malvern Panalytical

MicroCal Auto-iTC200 system was used for the titration experiments.
The ITC cell was filled with a 1 μM particle dispersion. The protein
solutions acted as titrants and were used in a concentration range
between 62.5 and 250 μM. Sixteen titrations were performed per
sample at 25 °C. Before the first injection, the baseline was recorded
for 20 min. The first injection had a volume of 0.5 μL and was
removed from the data evaluation. The volumes of the remaining
injections were 2 μL. The spacing between two injections was 500 s
until the eighth injection and 280 s after the ninth injection. The
stirring speed was 1000 rpm, and the reference power was 41.8 μW.
The “one set of identical binding sites”-model was used for data
analysis. This model assumes that all possible binding sites on the
particle are independent and have the same KD and ΔH. It is
equivalent to using the Langmuir model to analyze nonspecific
adsorption. We deemed it to be the best assumption for modeling the
nonspecific binding to polymer brush-stabilized nanoparticles. For
baseline correction, the “Fitted Offset” mode was applied, where a
constant control heat is assumed and fitted to the integrated heat
along with the fitting parameters of the “one set of identical binding
sites” model.
Computing Protein Properties. The ProtParam56 tool of the

Swiss Institute of Bioinformatics was used for the computation of
physicochemical protein properties, such as theoretical pI, instability
index, aliphatic index, and the grand average of hydropathicity. Swiss-
Prot/TrEMBL accession numbers P02768, P01863, P02787, and
P61626 were used as models for HSA, IgG, transferrin, and lysozyme.

■ RESULTS AND DISCUSSION
Iron oxide core nanoparticles of two different diameters were
synthesized and grafted with PAOZ polymer brushes. A
schematic of the synthesis strategy is provided in Figure S8.
Example TEM micrographs used for the calculation of the core
size distributions are shown in Figure 1. The core size
distributions determined from a large set of transmission

electron micrographs are shown in Figures S4 and S5. The
monodisperse spherical cores visible in the transmission
electron micrographs facilitate a precise calculation of the
grafting density and the number of NDA-PAOZ chains per
nanoparticle from the total organic fraction determined by
TGA (Figures S6 and S7).
By grafting a similar number of NDA-PAOZ (∼90 chains)

and almost the same polymer mass per core, we obtained
nanoparticles that have significantly different grafting densities
because of their different surface areas (Table 1). Therefore, at
the same particle molarity, also the polymer molarities in the
samples are virtually identical. The particles with the larger
iron oxide core (8nm FeO-PEtIOZ) have 0.46 chains per
nm−2, while the particles with the smaller core (5nm FeO-
PEtOZ) have 1.10 chains per nm−2. By this choice, we can
investigate how the protein adsorption to the particles depends
on the density of the polymer shell. The interaction of a
protein with the nanoparticle results from the balance of the
attractive interactions of the core and the repulsive potential of
the polymer brush. A polymer brush provides a repulsive
potential to colloidal (protein) adsorption over the distance of
the brush if the polymer does not interact attractively with the
protein on the molecular level. The absence of affinity between
the proteins and the free PAOZ polymers is shown in Figures
S9 and S10 (also see Figure S11 for the control injection of
protein to pure HEPES-BS), where the same polymer molarity
(85 μM) is applied as in the nanoparticle interaction
measurements by ITC. Therefore, the hydrated polymer
brush contributes a repulsive osmotic potential and sterically
blocks access to the core surface, as previously demonstra-
ted.20,43,44 However, the core displays a range of possible
attractive vdW, charge, and hydrophobic interactions. Without
a polymer brush, iron oxide nanoparticles rapidly aggregate
and sediment in aqueous or protein dispersion (data not
shown).21,57,58 Hence, we will only avoid aggregation if the
iron oxide core’s attractive interactions to another particle or a
protein are weaker or shorter range than the repulsive PAOZ−
brush interaction. This can, for example, be observed by the
colloidal stability of the PAOZ-grafted nanoparticles in DLS
measurements (Figure S12).
Hen egg lysozyme, recombinant human serum albumin,

human transferrin, and human IgG were chosen to have
relevant serum proteins with different sizes, masses, and
functions (Table 2). Under biological conditions, HSA and
transferrin have a negative, lysozyme a positive, and IgG a
balanced net charge. There are no significant differences in the
aliphatic index between these four proteins.
The repulsive potential of polymer brushes is, on average,

high, but especially for strongly curved nanoparticles,
inhomogeneities in the grafting density could lead to locally
accessible defects. Such defects could also dynamically appear
and disappear as the local polymer density fluctuates with the
highly mobile polymer chains. We expected that smaller
proteins such as lysozyme and albumin should more easily
adsorb inside the polymer brush at such points of locally lower
polymer density and repulsion when compared to larger
proteins such as IgG. At low polymer brush density, even the
polymer brush’s average repulsive potential will be too low to
screen out the core’s attractive potential. Summarizing both
effects, we hypothesized that a denser polymer brush should
experience lower nonspecific protein interaction than less
dense brushes.59 Further, we hypothesized that small and

Figure 1. Transmission electron micrographs of the cores used for (a)
8nm FeO-PEtIOZ and (b) 5nm FeO-PEtOZ core−shell nano-
particles.
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dynamic proteins should demonstrate higher nonspecific
adsorption than large and inflexible proteins.59

The attractive DLVO interactions between proteins and
polymers or nanoparticles are highly dependent on the amino
acid composition, protein conformation, and post-translational
modifications such as glycosylation. Because of this sensitivity
and the sensitivity to other competing adsorbing species, it is
important to measure well-characterized and pure samples.
Initial ITC experiments on recombinant human lysozyme
produced irreproducible measurements (see Figure S13). Most
likely, the sometimes weak and sometimes absent interactions
stemmed from glycoside impurities. Therefore, we replaced
human lysozyme with hen egg lysozyme, which could be
obtained in pure form.
ITC has been proven to be an excellent method for the

study of nanoparticle−biomolecule interactions.43 It allows for
the direct and fast testing of “stealth” properties of core−shell
particles. Figures 2 and 3 show the injection plots of ITC
measurements of the interaction of (a) transferrin, (b) hen egg
lysozyme, (c) HSA, and (e) human IgG with 5 nm core
(Figure 2) and 8 nm core (Figure 3) PAOZ-grafted
nanoparticles. The smaller core particles, 5 nm FeO-PAOZ,
shown in Figure 2, display different interactions depending on
the injected protein. Figure 2a−c,e shows the differential
power (DP) as a function of injection and time for each of the
proteins.
We directly observe that the interaction between the

different proteins and 5 nm FeO-PAOZ particles can be
grouped into two classes. The transferrin and lysosome
injections show small and predominantly positive peaks
(Figure 2a,b) almost indistinguishable from those observed
for all proteins injected to the free polymer (cf. Figures S9 and
S10). A positive injection peak means an endothermic
reaction. In these cases, the mainly endothermic response
followed by a minor exothermic peak is not attributed to an
endothermic interaction between the proteins and the
particles. The response is due to the heat of dilution, which
is an artifact caused by the dilution of the protein solution in
the dispersion in the calorimetric bomb. This is demonstrated
by comparing to the injection of the proteins to pure buffer
(Figure S11). We, therefore, conclude that these two proteins
do not adsorb a corona or, in any other significant way, interact
with the polymer-grafted nanoparticles.
In contrast, the HSA and IgG show large negative injection

peaks that swamp the heat of dilution (Figure 2c,e). It

demonstrates a significant binding of these two proteins to the
nanoparticles. This qualitative observation can be made
quantitative by replotting the data as the enthalpy change
per injection by the integration of the DP for each injection
peak as a function of the molar ratio (Figure 2d,f). The
enthalpy versus molar ratio plots are used for the determination
of the number of binding sites (n), the dissociation constant
(KD), and the thermodynamic parameters (ΔG, ΔH, and ΔS)
by fitting a sigmoidal function to the data. The fitted function
corresponds to the assumption of equal (nonspecific) binding
sites for the proteins on the nanoparticles, and it appears to
reproduce these data sets well. The binding stoichiometry (n)
and the dissociation constant KD are derived directly from the
plot fit. ΔG is calculated as ΔG = RT ln KD and ΔS as ΔS =
(ΔH − ΔG)/T, where R is the gas constant and T is the
temperature.60

Although ΔG and n can be determined with reasonable
accuracy also at the molar ratios and binding energies observed
here, ΔH and ΔS cannot be determined with high accuracy
according to the criterion given by that a Wiseman c-value of c
= n[M]/KD > 2 should be achieved, where [M] is the
concentration of the nanoparticles.40 In our measurements, we
have c ∼ 0.29−2.25, which is at the limit of what can be
achieved for these nanoparticles. Only the nanoparticle
concentration can be tweaked, but the volume fraction and
viscosity become too high if the concentration is increased to
allow for rapid mixing and to avoid higher-order colloidal
interactions. However, Tellinghuisen demonstrated that a
reliable fit for KD (ΔG) could be achieved even for values of
c < 10−440 and that the analysis is insensitive to errors in the
determination of n at very low c.39 The results from the fits are
given in Table 3 for HSA and Table 4 for IgG. The relatively
large errors expected for ΔH and ΔS can be observed for the
samples with low c-values. As transferrin and lysozyme did not
show binding interactions with any of the nanoparticles, their
data were not fitted.
The affinity of HSA to the 5 nm FeO-PAOZ nanoparticles is

significant with a dissociation constant of KD = 3.1 μM, but
with very few proteins binding per particle (n = 2.2). Although
the measurements are quantitatively more uncertain, the larger
8 nm FeO-PAOZ nanoparticles have an order of magnitude
higher dissociation constant of KD = 34 μM and several times
higher number of proteins binding per particle (n = 7.0).
Nonspecific binding can be strong because of the multi-

valent nature of the interactions. That the number of proteins

Table 1. Characteristics of Iron Oxide Nanoparticles Grafted with PAOZ

sample
core diameter

[nm]
molar mass of the grafted polymer

[kg mol−1]
grafting density, σ
[chains nm−2]

molar mass particle
[kg mol−1] DH [nm]

full width at half-
maximum [nm]

5nm FeO-PAOZ 5.0 23 1.1 2220 26 ± 1 11 ± 1
8nm FeO-PAOZ 7.8 18 0.46 2594 25 ± 3 11 ± 2

Table 2. Properties of the Blood Serum Proteins Used to Study the Interactions with Iron Oxide Nanoparticles Grafted with
PAOZ

name type
average mass

[kDa] average concentration in human blood [μM]
titrant concentration

[μM] pItheoretical
a IIa AIa GRAVYa

lysozyme secreted 14.4 1.5 × 10−4 250 9.3 32 70 −0.49
albumin albumin 67 600 125−250 5.7 39 77 −0.40
transferrin β-globulin 75−81 30 125 6.7 38 70 −0.41
IgG γ-globulin 150 7 62.5−250 7.2 44 74 −0.34

aValues derived from the ProtParam tool. pIisoelectrical point; IIinstability index; AIaliphatic index; and GRAVYgrand average of
hydropathicity.
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bound per 5 nm FeO-PAOZ particle is on the order of 1
means that the nature of the protein association is different
from the concept of the protein corona. The relatively weakly
bound and very few proteins per such particle are in agreement
with that their dense polymer brushes have been shown
sufficient for stealth-like properties.26−28,61 Approximately 10
proteins bound on the nanoparticle surface, as for the 8 nm
FeO-PAOZ, could be considered a corona-like coating for a
nanoparticle of this small size. The result for 8 nm FeO-PAOZ
could explain why nanoparticles with polymer grafting
densities of similar polymers below σ < 0.7 have shown
decisively worse stealth performance in vitro than particles with

grafting densities on the level of the 5 nm FeO-PAOZ. In
neither case does the protein adsorption trigger additional
protein−protein aggregation, given the low aggregation
number and the colloidal stability of the samples in the
presence of serum proteins.
It seems likely that the associated proteins are bound to

defects in the polymer brush coating where the core can be
accessed rather than associated generally with the polymer
brush shell. This mode of interaction is also expected from that
the proteins do not interact with the polymer even at high
concentrations (cf. Figures S9 and S10). The higher binding
stoichiometry of HSA to the nanoparticles with the larger cores

Figure 2. ITC measurements of the titration of serum proteins to core−shell nanoparticles with high polymer brush grafting density. (a) DP of the
injection of transferrin to 1 μM of 5 nm core diameter iron oxide nanoparticles grafted with 23 kg mol−1 linear PAOZ (5 nm FeO-PAOZ) with 1.1
chains/nm−2 and (b) DP of the injection of lysozyme to 5 nm FeO-PAOZ (1 μM). (c) DP of the injection of HSA to 5 nm FeO-PAOZ (1 μM)
and (d) enthalpy per injection and fitting of the Weisman model (solid line). (e) DP of the injection of IgG to 5 nm FeO-PAOZ (1 μM) and (f)
enthalpy per injection and fitting of the Weisman model (solid line).
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is consistent with the picture that a larger surface area would
provide more binding sites. The attractive core surface area
increases by a factor of 2.5 per particle, even if the overall
nanoparticle size only changes marginally (cf. Table 1). This
effect, leading to an expectation of more binding sites per

particle, should be considered in addition to the lower polymer
grafting density on the 8 nm FeO-PAOZ nanoparticles that
seems to explain the observations.
The higher KD, that is, lower binding strength, is more

surprising than the stoichiometry of binding. However, it could

Figure 3. ITC measurements of titration of serum proteins to core−shell nanoparticles with intermediate polymer brush grafting density. (a) DP of
the injection of transferrin to 1 μM of 8 nm core diameter iron oxide nanoparticles grafted with 18 kg mol−1 linear PAOZ (8 nm FeO-PAOZ) with
0.46 chains/nm−2 and (b) DP of the injection of lysozyme to 8 nm FeO-PAOZ (1 μM). (c) DP of the injection of HSA to 8 nm FeO-PAOZ (1
μM) and (d) enthalpy per injection and fitting of the Weisman model (solid line). (e) DP of the injection of IgG to 8 nm FeO-PAOZ (1 μM) and
(f) enthalpy per injection and fitting of the Weisman model (solid line).

Table 3. Thermodynamic Parameters for the Interaction between Recombinant HSA and PAOZ-Grafted Iron Oxide
Nanoparticles Calculated by Fitting the ITC Data Using the “One Set of Sites” (Langmuir) Binding Model

sample binding sites, n KD [μM] ΔG [kJ mol−1] ΔH [kJ mol−1] ΔS [kJ mol−1 K−1]

5 nm FeO-PAOZ 2.2 ± 0.8 3.1 ± 0.6 −31.6 ± 0.1 −320 ± 140 −1.0 ± 0.5
8 nm FeO-PAOZ 7.0 ± 10 34 ± 18 −25.6 ± 0.6 −240 ± 540 −0.7 ± 0.9

ACS Applied Bio Materials www.acsabm.org Article

https://dx.doi.org/10.1021/acsabm.0c01355
ACS Appl. Bio Mater. 2021, 4, 795−806

801

https://pubs.acs.org/doi/10.1021/acsabm.0c01355?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01355?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01355?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01355?fig=fig3&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c01355?ref=pdf


be that the lower grafting density allows more defects and
points of contact of proteins to the core surface but that most
of these binding sites are small and dispersed in the polymer
brush. A small average footprint per bound protein means an
on-average weaker nonspecific binding strength. The corollary
would be that there are different types of defect sites present
on the polymer-functionalized nanoparticles, which agree with
the observation of higher variability in the measurements. One
kind of defect site allows a high degree of access to the particle
surface for strong binding, and in a dilute shell, there are also
smaller defects at which weaker binding can occur. The
presence of two types of binding sites with different origins
could contribute to the larger errors in the determination of
the thermodynamic parameters observed for 8 nm FeO-PAOZ
exposed to HSA. The lower grafting density may lead to higher
variability in the density and size of defect sites per
nanoparticle that the HSA can bind to. That HSA is a protein
with many sub-domains joined by soft linkages known to
support its binding to many different substrates62 undoubtedly
facilitates its ability to bind strongly to the nanoparticle core
through small defects in the polymer brush shell. Compared to
the precision of the other data, it is likely that we are observing
a more diverse range of particle interactions than a large
measurement error in this experiment, which results in higher
uncertainty in the result as we, for simplicity, fit our data to a
single−site interaction model.
Although the dissociation constants and stoichiometries are

similar, it is notable that both are lower for IgG than for HSA.
IgG is a much larger protein and an opsonin with well-known
“sticky” domains. We, therefore, expected that IgG would bind
both stronger and in higher numbers to the nanoparticles even
if the antibody only interacts with the nanoparticle through
nonspecific interactions. Reducing the association of IgG to
nanoparticles is much more important than suppressing HSA

binding, as IgG is an opsonin and signals foreign objects for
removal to the immune system. In contrast, albumins were
used to prolong the circulation of various biologics.
The lower stoichiometry of IgG than HSA could be related

to their relative sizes, which could allow HSA to penetrate and
deform more easily into the shell to form more and closer
nonspecific interactions with the core surface than IgG can. On
the other hand, we observe that IgG binds with higher affinity
than HSA and that the affinity constant changes little as a
function of particle core size. The stoichiometry of the binding
and the dissociation constant remain at n ∼ 1 and KD ∼ 1 μM,
respectively. The lack of size dependence for the interaction of
the nanoparticles with IgG could also be rationalized by the
hypothesis of two types of defect binding sites. Our results are
consistent with that all particles possess large defect sites
corresponding to those where both HSA and IgG bind at an
approximately 1:1 stoichiometry, for which large protein size
and stickiness yield a high binding affinity. Additionally, an
inadequately dense brush makes it possible for smaller sticky
proteins such as HSA to bind to additional sites with lower
affinity. In contrast, large and less deformable proteins such as
IgG are still shielded from binding to the surface by the dilute
polymer brush.
Thus, from the comparison of HSA and IgG, protein size

seems to matter in terms of exploiting chinks in the polymer
brush armor of the nanoparticles. On the other hand, we did
not observe any binding of lysozyme, which is the smallest
tested protein, for either of the particles. This result strongly
suggests that steric access to the surface is not the sole
determining factor. The physicochemical properties of proteins
in relation to the properties of the nanoparticle core still matter
to exploit incompleteness in the steric-osmotic shield provided
by the PAOZ polymer brush; the type of interaction with the
core surface matters. The interplay between nonprotected

Table 4. Thermodynamic Parameters for the Interaction between Human IgG and PAOZ-Grafted Iron Oxide Nanoparticles
Calculated by Fitting the ITC Data Using the “One Set of Sites” (Langmuir) Binding Model

sample binding sites, n KD [μM] ΔG [kJ mol−1] ΔH [kJ mol−1] ΔS [kJ mol−1 K−1]

5 nm FeO-PAOZ 1.1 ± 0.7 1.6 ± 0.5 −34.1 ± 0.03 −340 ± 250 −1.0 ± 0.6
8 nm FeO-PAOZ 0.9 ± 0.2 0.4 ± 0.2 −36.5 ± 0.01 −110 ± 30 −0.26 ± 0.01

Figure 4.Molecular model representations of the proteins used for the interaction studies. PyMOL 2.0 software and the “Color h” script and APBS
were used to visualize the hydrophobicity and electrostatic potentials of the protein surfaces. (a) Hydrophobicity heatmaps. A darker red shade
indicates a higher hydrophobicity index. (i) Albumin, (ii) immunoglobulin G, (iii), transferrin, and (iv) lysozyme. Small molecules, such as ions and
oligosaccharide residues, are shown in green. (b) Electrostatic potential normalized to kBT/e, with kB the Boltzmann constant, T the temperature,
and e the elementary charge. Red sections on the surface favor interactions with a positively charged surface and blue sections with a negatively
charged surface. (i) Albumin, (ii) immunoglobulin G, (iii), transferrin, and (iv) lysozyme. Small molecules, such as ions and oligosaccharide
residues, are shown in green.
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nanoparticles and protein properties for protein adsorption has
been documented.12,63,64

The quantitative determination of ΔH and ΔS is uncertain
because of the low c for the titration, but some observations
regarding the general type of interaction can still be made from
the data. The enthalpic and entropic changes appear quite
balanced. While changes in the enthalpy are considered an
indication of changes in hydrogen and/or vdW bonding,
entropy changes stem mainly from hydrophobic interactions
and/or conformational changes. Hydrophobic interactions can
be ruled out between a well-hydrated polymer and a protein.
Still, they could take place with residual hydrophobic ligands
left from the synthesis in the innermost part of the shell. There
are previous reports regarding the challenge to replace oleate
by other ligands from iron oxide nanoparticles under
conditions similar to those used in our protocol,65,66 which
make it possible that some oleate is still present in the inner
part of the shell. Remaining oleate would both comprise
defects where the PAOZ is not grafted and adsorption sites
that would be entropically favored. However, the core surface
that could have hydrophobic characteristic is limited to a small
fraction, given the high average grafting density of PAOZ.
Therefore, only small entropy changes are observed for the
binding of both proteins. The highly exothermic enthalpy
changes in the interaction of HSA with both particles are most
likely a manifestation of vdW bonding. As ΔS is negative, a
more ordered system must result from the particle−protein
interaction. Higher order is an indication that the conforma-
tional changes resulting from protein binding and distortions
to the shell lead to a more hydrophobic surface and confined
protein and polymer conformational space.
Three-dimensional heatmaps of the hydrophobicity (Figure

4a) and the electrostatic potentials (Figure 4b) of the protein
surfaces were computed with PyMol applying the “Color h”
script67 and the “Adaptive Poisson-Boltzmann Solver”68 to
elucidate further why the proteins interacted so differently with
the nanoparticles. The hydrophobicity maps (Figure 4a) of the
proteins used in this study show a large fraction of relatively
hydrophobic residues clustered on the surface. Generally, all
proteins have hydrophobic patches on their surface that can
aid binding to surfaces that are not strongly hydrophilic by
displacing water and initiating conformational changes that
expose further hydrophobic residues from the interior of the
protein. Lysozyme appears slightly less hydrophobic on the
surface [Figure 4a(iv)], and it has a significantly smaller
hydrophobic interior than the other proteins because of its low
molecular weight. The binding of the larger proteins seems
enthalpically dominated (Tables 3 and 4), but entropic
contributions from displaced water could still be important
for the balance of the net interaction. A recent report
demonstrated that large proteins could bind entropically
instead of enthalpically to bare silica nanoparticles because of
their size,63 which is not observed in our case. In contrast, the
interactions are enthalpic and weak. The lower overall
hydrophobicity of lysozyme could be part of the explanation
why, despite its small size and likely ability to penetrate the
polymer shell, it does not bind to the nanoparticles. As the
smallest protein, lysozyme also has the lowest vdW attraction
to the nanoparticle, which favors the expulsion of lysozyme
from the surface driven by the repulsive potential of the PAOZ
brush.
Entropic interactions for the polymer-grafted core−shell

nanoparticles are long-range unfavorable (osmotic brush

repulsion) and only favorable upon direct contact with the
core (displacement of water). However, vdW long-range
attraction is always driving protein adsorption. We cannot
expect major differences in the vdW attraction to the
nanoparticles between the similarly sized HSA and transferrin.
Conformational flexibility and shape could explain the
differences in the ability to penetrate through the shell to
bind, which would favor HSA and support the results, given
the flexibility of the HSA subdomains internally.62 The long-
range double-layer interaction could further explain why HSA
binds strongly to the nanoparticles while transferrin does not.
The nonspecific double-layer interaction depends on the
electrostatic potential of the surfaces of colloids. IgG and
transferrin both seem to have less-charged surfaces than HSA
(Figure 4b). Both are only slightly above their pKa (cf. Table
2), meaning that their surface potentials should be net
negative, but only weakly so. Some transferrins were even
reported to have net cationic charge at physiological pH.69 In
contrast, HSA has a high negative surface potential at
physiological pH (cf. Table 2).62 The anionic charge is
relevant to the interaction with our nanoparticles as our
previous work revealed a double-layer interaction at very low
ionic strength corresponding to a net positive surface potential
of the core of this type of core−shell nanoparticle.26 The
double-layer interaction resulting from the core surface
potential is weak and completely screened by the polymer
brush shell at physiological pH.26 As HSA penetrates defects in
the shell, it can experience the nonscreened double-layer
attraction that is not detectable on the surface of the shell.
Transferrin is comparable to HSA in size but less flexible and
at least not strongly negatively charged, which together explain
why both the PAOZ-stabilized nanoparticles resist transferrin
but not HSA adsorption. In contrast, lysozyme has a pKA
above physiological pH (cf. Table 2) and high cationic surface
potential.70 Lysozyme will, therefore, experience strong
double-layer repulsion within the shell. Our results show that
this additional repulsive contribution is sufficient to prevent
protein adsorption via vdW and hydrophobic interactions even
for nanoparticles grafted with medium-dense polymer brushes
against small proteins such as a lysozyme.
We performed the experiments by exposing the nano-

particles to one protein at a time to establish the
thermodynamic equilibrium for protein binding at sequentially
higher concentrations. However, by comparing the dissociation
constant of each protein and our analysis of the likely
properties resulting in protein binding, one can also conclude
something about the protein corona formation over time for
nanoparticles in blood serum. With HSA binding relatively
strongly and being in high abundance, we would expect the
protein corona of this type of nanoparticles first to form with
∼1 HSA binding per particle. As time goes by, other proteins
that are flexible and negatively charged can additionally add to
the corona, although the high concentration of albumin
ensures that the few proteins associated with a densely
polymer-grafted core−shell nanoparticle will continue to be
dominated by HSA. As the proteins compete for the same
binding sites, and we have determined the thermodynamic
parameters for binding, longer exposure will not lead to an
increase in the corona.

■ CONCLUSIONS
By quantitatively measuring the interaction of a pool of four
blood serum proteins with nanoparticles that have different
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levels of stealth polymer coatings, we could determine several
factors that influence protein adsorption onto polymer-grafted
iron oxide nanoparticles. The generic nature of these factors
makes them essential to consider for all similarly structured
nanoparticles for biomedical or biotechnological applications.
This is especially true considering the state-of-the-art polymer
brush shells used to make our biomedical iron oxide
nanoparticles colloidally stable in biological media and their
demonstrated high performance in in vitro assays.
It is clear from our results that even nanoparticles with >1

20-kDa-PAOZ-chain nm−2 have defects in the polymer brush
shell that allow proteins that are small or have flexible domains
to penetrate close to the core surface. Once inside the shell, the
screening and steric hindrance are not sufficient to suppress
attractive DLVO interactions with the core. We observe that
when there is a residual attractive double-layer interaction, this
is sufficient to drive strong adsorption to such defects but that
a repulsive double-layer interaction is sufficient to avoid
adsorption in combination with the shell repulsion. From the
comparison between HSA, IgG, and transferrin, it seems that
just avoiding an attractive double-layer interaction can be
sufficient if the protein does not have flexible subdomains.
HSA is not only the most abundant protein in blood serum;

we also found that it has strong nonspecific enthalpic
interactions with polymer brush-grafted nanoparticles. How-
ever, as albumin has been used to improve stealth properties of
surfaces, the average binding of ∼1 HSA per particle with a
dense polymer brush might not compromise the circulation
and biodistribution of such particles in vivo. More troubling
could be the complete albumin corona that can form on less
densely polymer-grafted (still brush-stabilized) nanoparticles
and that opsonins such as IgG also demonstrated significant
but weaker binding to PAOZ-grafted nanoparticles. IgG is
large and does not experience a net strong double-layer
attraction from the core even at close range. However, its
flexible subdomains provide it with the opportunity to
penetrate smaller defects than the total molecular weight
suggests.
IgG and similar opsonins are much less abundant than HSA

and could, according to our results, be outcompeted by HSA in
the blood; this would support the low cell uptake and long
circulation times observed for similar polymer-stabilized
nanoparticles. Therefore, although our results show that
core−shell nanoparticles stabilized by linear polymer brushes
currently are not a perfect design, they could produce the
desired outcomes of low nonspecific cell uptake and immune
system recognition in vivo. They also suggest that further
improvements should make sure that a shell density is achieved
that precludes any dynamic defects from being present in the
shell or that no residual charge is present on the core surface or
in the brush. These lessons also apply to other common core−
shell designs stabilized by polymer brushes that are used for
biomedical particles, such as micellar and liposomal drug
delivery systems.
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