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Abstract
Superparamagnetic iron oxide nanoparticles (SPION) with hydrodynamic sizes below
30 nm are one of the most promising types of nanoparticles for use in biotechnology and
biomedicine. Their inherent biocompatibility combined with their superparamagnetism
make them great candidates for many applications, e.g. as drug delivery, cell targeting
and separation, tissue repair and as MRI contrast agents. The understanding is still poor
of how to correlate properties of nanoparticles determined in the lab and their fate and
biodistribution in vivo. To a large extent, this can be blamed on a lack of carefully designed
and controlled nanoparticle model systems as well as a lack of comprehensive
characterization of their interaction with biological colloids such as proteins and
membranes. We investigate in detail the colloidal properties and interactions with
biomolecules and cells in vitro of recently developed core-shell SPION, with precise
control over size and shape, and importantly, biocompatible shells of densely grafted
polymer brushes. Interactions of SPION with different core sizes and grafted with
hydrophilic poly(ethylene glycol) (PEG) brushes were investigated in depth using QCMD, differential scanning and isothermal titration calorimetry. In vitro testing using cancer,
blood and liver cells of macrophage, epithelial and endothelial origin, as well as applying
shear stress to imitate the blood flow in the natural environment of blood macrophages
demonstrated biocompatibility of the PEGylated particles and its correlation with
formidable colloidal stability in biomimetic fluids. Further, measuring the diffusion of these
particles through a confluent layer of epithelial cells yielded no damage to the layer nor
evidence of any passive or active transport that could indicate risks of use in vivo.
Although the PEG-brush surface functionalization was found to suppress colloidal
interactions in complex biological dispersions, a correlation between core size and
protein, lipid membrane and cell activity was found. This was attributed to small cores
having higher curvature and therefore a less dense and thinner PEG brush, which
reduces the osmotic repulsion at the particle surface. Further examination of the same
SPION platform grafted with comparable brushes of thermoresponsive poly(2-alkyloxazoline) confirmed the positive correlation of a dense polymer brush controlling
3

colloidal stability with low cell uptake and it shed light on the importance of shell hydration
on retaining and in situ controlling this ability. Finally, a system of larger nanoparticles for
theranostic drug delivery, namely fluorescent polymersomes incorporating hydrophobic
SPION in the vesicle membrane, were investigated to track the uptake of the
magnetopolymersomes into the cell through the endosome and the lysosome. In
summary, the combination of carefully designed core-shell SPION and the battery of new
characterization methods introduced in this thesis sheds new light on the performance of
polymer-grafted nanoparticles in biological dispersions and paints a hopeful picture of the
possibility to design and synthesize such particles with a controlled fate also in vivo.
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Zusammenfassung
Superparamagnetische Eisenoxid-Nanopartikel (SPION) mit hydrodynamischen
Durchmessern unter 30 nm sind eine der vielversprechendsten Vertreter von
Nanomaterialien für die Nutzung im Bereich der Biotechnologie und der Biomedizin. Dank
ihrer inhärenten Biokompatibilität in Kombination mit dem superparamagnetischen
Verhalten sind Eisenoxid-Nanopartikel interessante Kandidaten für eine Vielzahl an
Anwendungen z.B. im Wirkstofftransport (Drug-Delivery), dem Zell-Targeting, der
Zellseparation, der Gewebereparatur oder als MRT Kontrastmittel.
Eine Schwierigkeit besteht bisher die unter Laborbedingungen gewonnenen
Erkenntnisse über Nanopartikel mit dem Schicksal dieser Materialien nach Aufnahme in
in vivo Systemen und der anschließenden Bioverteilung zu korrelieren. Dies ist zu einem
großen Teil auf einem Mangel sowohl an sorgfältig konzipierten und wohldefinierten
Modellsystemen als auch einer umfassendem Charakterisierung und Untersuchung der
Wechselwirkungen von Nanopartikeln mit biologischen Kolloiden (Proteine, Membranen)
zurückzuführen.
Diese Arbeit soll daher zu einem besseren Verständnis dieses Sachverhaltes
beitragen. Dafür wurden im Detail die kolloidalen Eigenschaften und Wechselwirkungen
von kürzlich entwickelten, superparamagnetischen Kern/Schale Eisenoxid-Nanopartikeln
mit Biomolekülen und Zellen in vitro untersucht. Die verwendeten Partikel sind dabei
wohldefiniert in ihrer Größe und Form und zeichnen sich im Besonderen durch ihre dichte,
biokompatible

Polymerschale

Eisenoxid/Poly(ethylenglykol)

aus.

Als

erstes

Nanopartikel-System

Kern/Schale-Nanopartikel

mit

wurden

unterschiedlichen

Kerngrößen hinsichtlich ihrer Wechselwirkung mit Proteinen, Membranen und Zellen
umfassend

mittels

QCM-D,

dynamischer

Differenzkalorimetrie

und

isothermer

Titrationskalorimetrie charakterisiert. Desweitern konnte in in vitro Versuchsreihen mit
Krebs, Blut- und Leberzellen, mit Ursprung aus Makrophagen, Epithel und EndothelGewebe, sowie in Scherversuchen an Blut-Makrophagen, um Bedingungen im
Blutkreislauf nachzustellen, die Biokompatibilität von Eisenoxid/Poly(ethylenglykol)
5

Kern/Schale-Nanopartikel demonstriert werden. Diese korreliert dabei direkt mit der
ausgezeichneten kolloidalen Stabilität dieser Nanopartikel in den verwendeten,
biomimetischen Flüssigkeiten. Die Messung der Diffusion der Kern/Schale Nanopartikel
durch einen konfluente Schicht von Epithelzellen führte weder zu einer Schädigung der
Zellschicht noch wurden Anzeichen gefunden für passiven oder aktiven Transport der
Nanopartikel, welche mögliche Risiken bei der Verwendung in vivo darstellen würden.
Obwohl die PEG-Schale der Partikel kolloidale Wechselwirkungen in komplexen,
biologischen Dispersionen unterbindet, konnte eine Korrelation zwischen der Kerngröße
und der Wechselwirkung mit Proteinen, Lipidmembranen und der Zell-Aktivität gefunden
werden. Die höhere Wechselwirkung von Kern/Schale Nanopartikeln mit kleineren
Kerngrößen wurde auf die höhere Krümmung der Nanopartikelkerne zurückgeführt,
welche in einer dünneren, weniger dichten Polymerschale resultiert und damit zu einer
reduzierten osmotischen Abstoßung von der Partikeloberfläche führt.
Eine Untersuchung analoger Kern/Schale Eisenoxid-Nanopartikel mit Polymerschalen
auf Basis von thermoresponsiven Poly(2-alkyl-2-oxazolin)en konnte den Zusammenhang
zwischen einer dichten Polymerschale und hoher kolloidaler Stabilität bestätigen, welche
mit der niedrigen Aufnahme der Kern/Schale Nanopartikel in die getesteten Zellen
korreliert. Zudem konnte der Einfluss der Hydratisierung auf die (steuerbare) kolloidale
Stabilität und damit auf die Nanopartikel Aufnahme in die Zellen demonstriert werden. Als
letztes System wurden fluoreszente Polymersome mit, in der Membran eingebetteten,
hydrophoben Kern/Schale Eisenoxid-Nanopartikeln gewählt. An diesem System wurde
die Wechselwirkung dieser potentiellen, theranostischen Drug-Delivery Vehikel mit Zellen
untersucht, im Besonderen die Aufnahme der magnetischen Polymersome in die Zelle
über das endosomale System und das Lysosom.
Zusammenfassend kann festgehalten werden, dass die Kombination von
wohldefinierten Kern/Schale Nanopartikel-Systemen mit einer Vielzahl an
Charakterisierungsmethoden neue Einblicke zum Verhalten von Polymer-gegrafteten
Nanopartikeln in biologischen Dispersionen geliefert hat. Die gewonnenen Erkenntnisse
zeichnen ein optimistisches Bild der Möglichkeiten diese Partikel mit einem steuerbaren
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Verhalten im Besonderen für in vivo Anwendungen in Zukunft zu designen und zu
synthetisieren.
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1. Introduction
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1.1. Core shell nanoparticles for biomedical application
In recent years more and more research has been focused on nanoparticles for use in
a broad range of application areas. Nano-sized particles were used as colorants in
decorative arts for centuries. However, over the last few decades applications have
developed that have led to growing importance of a better understanding of the structure
and structure-function relationship of nanoparticles.1 In many cases, the nanoparticles
required for envisioned applications are still in the research phase and it might yet take
many years of research and development for them to reach their full potential.2 One of
the main obstacles is the still lacking practical understanding of the physics on the
nanoscale, in particular in terms of nanosized colloids. Intrinsically, for most nanoparticle
applications the properties are strongly size, shape and structure dependent, so for
optimized applications precise synthesis of the particles is required for characterization
and optimization. “Scale up” from the lab to industry scale of such precisely engineered
materials, i.e. mass production, is still hard to achieve in a cost effective reproducible
manner.1 Yet, devices using nanoparticles are already marketed and used in industry and
for medical applications.3
Nanomaterials have unique properties that make them highly desirable for many
technological applications in general, and for biomedical applications specifically.4 A main
attraction of nanoparticles is the strong dependence of many of the important chemical
and physical properties with size. The most widely researched size dependent properties
are optic, magnetic and electric properties. For example, for quantum dots, the size
dependence of the optical properties is due to changes in the bandgap.1 As the size is
reduced, the allowed energy levels corresponding to the spectrum for optical excitations
change from continuous bands to discrete. For nanoparticles the energy of the bandgap
can be higher than for the corresponding bulk material, and the emission more efficient.
That makes it possible to design particles with specific color emission for bioimaging. 5
Not only the size influences the physical properties; the shape is also important.4 The
most common particles are sphere-shaped, but also e.g. cylindrical and plate-shaped
nanoparticles are found. Colloidal nanoparticles can be tailored and synthetized like
molecules, by a chemical reaction in solution or by self-assembly using a bottom up
11

approach.1 While size dependent properties is one of the most important aspects of
nanoparticles, it is also one of the main challenges since controlled function requires
precise control over the polydispersity, the shape and the purification of the particles.
Many protocols have been developed to date with good control over size and shape, and
with high yields, but are still mainly used in laboratory research and not yet in wide-spread
commercial use.
One of the most promising fields for the use of colloidal nanoparticles is medicine. 2,6,7
The main applications developed in medicine today using nanoparticles are in drug
delivery8,9, contrast agents10,11, photothermic therapy12, and theranostics5,13. Higher
organisms like the human body offers additional reasons to use nanoparticles for
biomedical applications. Nanoparticles can be transported throughout the body through
blood vessels and the lymphatic system, as well as the nerve system.14 Cells are around
10 µm in diameter. Organelles and proteins are even smaller, making them similar in size
to nanoparticles. This makes nanoparticles great candidates for detection, imaging and
delivery also in the subcellular environment, which they can achieve without being
excluded or causing major interruption due to sheer size. 2 Understanding biological
processes is also one of the main driving forces for the increased interest in nanoparticles,
which is also possible due to the correspondence of scale between nanoparticles and
functional units in biology. However, the increased ability to reach deep into biological
organisms also raises the risk of toxicity. Nanoparticles can penetrate biological tissues
and the cell membrane.15 Clearance by macrophages and anti-inflammatory process in
the liver and spleen cannot always effectively reduce the nanoparticle concentration in
the body, which may lead to incurable diseases such as Alzheimer and Parkinson.16
Certain, e.g. metal, nanoparticles tend to accumulate in the body, since the body has no
mechanism to break them down nor is able to use them in the metabolic system.13 This
may result in severe consequences for human and ecological health not only in the near
future, but also in the years to come. Figure 1 shows potential toxicity pathways of
nanoparticles in vitro (in cell studies) and in vivo (in the body).
One of the main approaches both to increase bioavailability (the ability to circulate in
the body and reach desired destinations) and to reduce the risk of detrimental interactions
12

within biological systems is coating inorganic nanoparticles with biocompatible
polymer.4,16,17 Such particles are usually referred to as core-shell nanoparticles. Polymer
coating of the core has many advantages; it reduces toxicity by providing a biocompatible
surface, which reduces the protein interaction, and renders the particles stable for longer
even in the demanding conditions of a biological system. This in turn leads to longer blood
circulation half-time and higher bioavailability.18 This property is usually referred to as
stealth.

Figure 1. Schematic representation of nanoparticles and their interaction with biological systems in vitro
and in vivo. Some properties of nanoparticles (e.g. size, shape, and surface modification) are important
when considering their toxic effects on the cellular and systemic levels 13

In addition, nanoparticles with core-shell structure can be created in near endless
combinations and can thus provide a platform for specific tailoring of core and shell
materials independently according to the needs of different specific applications.
Solutions applied to one application can in such a modular system be adapted and reused
in other applications. For example, if the core is hydrophobic, it can be coated with a
hydrophilic polymer to make it soluble in aqueous environments like biological systems.
Moreover, additional functions can be added to a nanoparticle through its organic shell.
For example, the polymer shell can be conjugated with biomolecules such as antibodies,
proteins, peptides and oligonucleotides for targeting. Other options can be added to either
shell or core, such as conjugating the polymer shell with a drug or entrapping the drug in
the core. The high surface to volume ratio of the particle increases the local concentration
of the bioactive moiety, while the global concentration remains low, i.e. the effective
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concentration is higher, and the final dosage used can be lowered. Figure 2 shows the
most common coating used today for various applications.

Figure 2. Scheme of typical strategies to modify the surface of the nanoparticles: (above) to render
nanoparticles soluble in aqueous environments; (below) and to provide biological functionality such as the
possibility to target cells and tissue to the nanoparticles.19

The core-shell structure can also obtain higher degrees of multifunctionality. The core
usually contains the size dependent properties, e.g., an inorganic core of
superparamagnetic iron oxide, plasmonic metals or fluorescent semiconductor crystals is
used for labeling, and it is coated with a polymer shell for stability. The shell can be loaded
with a drug and a targeting moiety as well. Sometimes multi-layered shells are used to
optimize multiple functionalities. Adding targeting moieties to polymer shells that protects
the core and provide colloidal stability allows for targeted delivery of a drug while its
distribution in the body can be monitored or imaged. Among the applications in
biomedicine of nanoparticles that have been developed to date are:2
-

Fluorescence labeling5,19,20
14

-

Drug/gene delivery21–23

-

Detection of protein24,25

-

Probing of DNA structure25,26

-

Tumor destruction via heating (hyperthermia)27

-

Separation and purification of biological molecules and cells 28

-

Magnetic resonance imaging contrast enhancement21
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1.2. Superparamagnetic iron oxide nanoparticles (SPION) and

their surface functionalization for biomedical application
Among the most commonly researched and applied nanoparticles are magnetic
nanoparticles. Magnetic nanoparticles are typically smaller than 100 nm and have a
magnetic moment or magnetization that depends strongly on size. Thus, magnetic fields
can be used to detect, image and manipulate such particles. The magnetic nanoparticles
will usually contain a magnetic element, for example; nickel, cobalt or iron, and most
commonly they are oxides such as iron or chromium oxides.29,30 For biomedical
applications iron is used due to its low toxicity compared to other magnetic ions.
The magnetic susceptibility 𝜒 , which is defined by the ratio of the induced

magnetization to the internal magnetic field applied, is one of the most important

properties used to classify magnetic materials. The susceptibility of a material depends
on the temperature, external field and the atomic structure of the material. Ferri- and
ferromagnetic materials are usually transition metals with unpaired electron in the valence
shell. Each electron has a dipole moment or spin. All the unpaired electron of a ferri- and
ferromagnetic materials will align parallel to an external magnetic field. In many magnetic
materials, the magnetic order will remain also after the external magnetic field is turned
off, i.e. creating a “permanent” magnet. This state is metastable, and can remain for many
years. However, it has been shown that nanoparticles of ferri and ferromagnetic materials
above a critical temperature can retain sufficient thermal energy to allow free rotation of
the spin and the net magnetic dipole; after removing an external magnetic field an
ensemble of such magnetic nanoparticles will have zero net magnetization. The
susceptibility of small magnetic nanoparticles is much higher than that of paramagnetic
materials, which make them easier to manipulate by external field. This property is known
as superparamagnetism.29,31,32
Superparamagnetic iron oxide nanoparticles (SPION) are one of the most researched
and developed magnetic nanoparticles for biomedical application due to their low toxicity,
their biocompatibility and because they are superparamagnetic. Often the iron oxide
particles

are

composed

of

magnetite
16

Fe3O4,

or

maghemite

γ-Fe2O3.

The

superparamagnetism gives the potential advantage of being able to target and
concentrate the particle in a specific area, organ, tissue or tumor cite using a magnetic
field and even help with removal while keeping the stability, as well as lowering the risk
of aggregation from long-range magnetic interactions of particles with permanent
magnetic moments.10,29,30 Therefore the biomedical applications of SPION include; drug
delivery22, cell targeting and separation28, tissue repair33, MRI contrast agents34,
hyperthermia12,35 and magnetofection36.

Figure 3: Characteristic structure of superparamagnetic iron oxide (SPION) core-shell nanoparticles. The
particles can functionally be split up into four main components: (1) core, (2) anchors, (3) spacers and
optionally (4) functionalities.41

Iron oxide nanoparticles are not stable in an aqueous environment, due to the high and
energetically costly surface area. They are usually coated with a polymeric coating to
achieve long term stability.34,37 Coating also enables coupling with different biological
molecules, and can provide multiple functionalities.6,12,38–40 The ideal stabilized SPION
for most applications have a core-shell structure that makes the properties and the
functionalization more precise. Figure 3 illustrates the typical structure of a core-shell
SPION and its components. The core of iron oxide provides the magnetic functionality for
the different needs, e.g. magnetic resonance imaging contrast enhancement,
hyperthermia etc., the anchor provides a non-reversible bond to the core for the spacer
molecules in the shell at high grafting density of the spacer, and the spacer provides the
solvation and a repulsive interaction potential to other colloids in the suspension, usually
through osmotic repulsion. Further targeting and/or functionality can be conjugated to the
spacer, e.g., drugs, antibodies, etc.
17

The key component to realizing both the nanoscale functional properties of the core
and the desired colloidal behavior in a biological fluid to achieve good biodistribution and
efficient targeting, is the nanoparticles shell, which is typically comprised of a highly
hydrated polymer brush. Poly (ethylene glycol) (PEG) is the most used polymer for
providing the stealth polymer brush coating required for the development of core-shell
nanoparticles for drug delivery and other in vivo nanoparticle applications.42 The first
PEGylated commercial product was approved almost 30 years ago. The concept of using
PEG, or PEGylated moiety to shield drugs and drug carriers was introduced in the late
1970’s, and since then it became the gold standard for biomedical applications. PEG, or
PEG-conjugates, are normally used to increase the hydrophilicity of the drug, and so
increasing its steric stability for application in biological systems as well as for longer shelf
life.43,44 This results in a longer circulation time in blood and can therefore help, e.g., with
passive targeting of tumor tissue with leaky blood vessel walls by increasing the
probability to reach the tumor site. PEGylation can also reduce opsonization and
recognition by the immune system by reducing nonspecific interaction with blood
components.42 This is also a result of high hydration and resulting entropic/ osmotic
stabilization of the particle surface.
The optimal properties for selecting PEG for various applications have been
investigated; among those, molar mass and mass polydispersity are important. Used on
its own, polymers smaller than 0.4 kDa are cleared rapidly by the renal system (in the
kidneys), while polymer larger than 50 kDa are usually recognized by the immune system
and cleared through opsonization. Used to stabilize molecules and nanoparticles, PEG
supplies sufficient stabilization in this range, and can be tailored for the specific needs.42
The polydispersity index (PDI) is important in terms of reproducibility for biological
application, and is usually required to be lower than 1.1. PEG can be readily synthesized
with PDI as low as 1.01. Aside from being highly hydrophilic and miscible in water, PEG
also dissolves in many organic solvents, which makes it relatively easy to modify its end
group and to conjugate it with many different molecules. PEG in water is highly flexible
and therefore can assume many possible conformations with a low energy barrier
between conformational states. This results in a high entropy of the chain and constant
rearrangement.45 Compression of the chain and the resulting loss of conformational
18

freedom and hydration is thus energetically very costly. This reduces the probability of
interaction with other colloids and with biological molecules and suppresses the creation
of a protein corona in a biological environment.46
However, despite the advantages of PEGylation for use in biomedical applications,47
after a few decades of research and clinical use, some disadvantages have emerged.48
Side effects have been shown in usage of PEG, caused by the polymer itself, or by side
products from its synthesis, and can cause hypersensitivity.42 Studies have shown that
many animals and humans have PEG-antibodies, which can cause an allergic
reaction.49,50 Also, the PEG polymer is poorly biodegradable, which may cause
aggregation of the polymer in different tissues if it cannot be cleared by the renal system
and it is known to cause blood clots and embolism.51 While PEG itself does not seems to
be toxic, some conjugated system show higher toxicity of the PEG-conjugate than for the
individual components on their own and it is not always possible to predict the resulting
toxicity of molecules conjugated with PEG.42
The disadvantages of PEG, as well as the need for further ability to control the drug
release by an external or environmental stimulus has led to a wide search for alternative
polymer coatings. The types of alternative polymers can be mainly divided into 3
categories as illustrated in Figure 4; Non-degradable, degradable and polymers with
different properties and behavior than PEG. The latter can add new functionality to the
particles and molecule conjugates. Each group is aimed to tackle one of the known
problems of using PEG.

Figure 4: Classification of different types of polymers developed as alternative for PEG.44
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One of the main emerging fields is the use of a thermoresponsive polymers, such as
poly (2-alkyl-oxazoline) (POZ). Poly (2-alkyl-oxazoline) was discovered already in the
1960s, and used in many applications in chemistry due to its ease of synthesis, low PDI
values and versatile end- and side-group chemistry. Different side-group can be used to
tailor e.g. the critical solution temperature of the polymer in water. In the last decade, the
interest to use poly (2-alkyl-oxazoline) as substitute for use in biomedical application has
increased and its stability and biological behavior begun to be tested in greater detail.52
So far, long term stability, low toxicity and high blood circulation, comparable to PEG, has
been shown, which makes them good candidates to replace or complement PEG in
biomedical applications.42,44,53
Thermoresponsive polymers change their conformational state as a function of
temperature. Mostly, such polymers have a lower critical solution temperature (LCST) in
water, which means that below that temperature they are miscible in water due to
hydrogen bonding with the surrounding water molecules. At temperatures above the
critical solution temperature, the entropic loss of water hydrogen bonded to the polymer
segments is energetically unfavorable compared to the enthalpy of those bonds. The
result is dehydration (loss of solubility) and collapse of the polymer coil size.54 Some
polymers have the reverse behavior and display an upper critical solution temperature
(UCST) with the transition dominated by the polymer chain entropy (Figure 5), but this is
more common for polymers in non-polar solvents and uncommon for polymers in water.
The thermal solubility transition of polymer solutions is generally reversible and by cooling
the polymer will re-disperse. This property makes them highly desirable for many
applications, including e.g. triggered drug delivery, sensing and molecular separation in
medicine. The LCST can be manipulated by different side chains or by using tailored
ratios of co-monomers with different hydrophilic/ hydrophobic properties. Combining the
heat control of the polymer with a SPION core, allows triggering the phase transition by
local heat produced via nanoparticle-induced hyperthermia by applying an external
alternating magnetic field tuned to the absorption frequency of the magnetic core. This
can be used, for example, to externally control release in drug delivery.

20

Figure 5: Schematic phase diagrams of (LCST and UCST) thermoresponsive polymers.55

In parallel to the development of the hydrophilic coated SPION, another extensively
studied system is magnetoliposomes.56,57 Magnetoliposomes combine the wellestablished drug delivery vesicles already clinically used to distribute cancer and antifungal drugs with magnetic nanoparticles, i.e. SPION, to create a thermoresponsive
theranostic carriers.58 SPION coated with a dense hydrophobic organic shell can be
incorporated into the hydrophobic bilayer, or hydrophilic particles can be incorporated in
the lumen, as illustrated in Figure 6.59 This structure provides control over the release of
drug encapsulated in the lumen. Applying an alternating magnetic field at a target site
induces localized nanoparticle hyperthermia. Applied to nanoparticles incorporated into
the membrane of a liposomes, this can be used to only heat the surrounding lipid
membrane without disturbing surrounding tissue. When choosing vesicles with a melting
temperature, 𝑇𝑚 , a bit higher then body temperature, the locally produced heat delivered
to the membrane can induce a phase transition from the gel phase to the liquid phase of

only the part of the membrane close to the embedded particle. This leads to a phase
boundary between liquid disordered and ordered lipids at which the permeability also for
larger molecules is increased, and allowing such molecules encapsulated in the lumen to
diffuse out. Applying the alternating magnetic field at a specific target site provides control
over where the release takes place, however, specific targeting can also be added by
incorporating targeting moieties to the liposomes surface as developed for drug delivery
liposomes. Since the magnetic particles can be used also for magnetic resonance
imaging the system is fundamentally theranostic in its design, i.e. combining diagnostics
(imaging) with therapeutics (drug transport and release). Many advances were made in
21

controlling the specific properties of the magnetoliposomes by: optimizing the bilayer
composition, the size and surface modification of the embedded particles, the particles/
vesicle ratio, the loading ability for the drug, and the purification method. 60–62 Each of
these factors impacts the performance of the carriers, and so it is possible to synthesize
a wide range of vehicles tailored to different application needs. Liposomes can be given
additional functions and markers such as fluorescent markers that improves the ability to
image them,63,64 or they can be modified with polymers added to the surface or as
amphiphiles substituting lipids in the membrane to tune their mechanical properties,65,66
their interactions with proteins and cells67 and their sensitivity to external stimuli68,69.

Figure 6: Illustration of magnetoliposomes. SPION are incorporated in the membrane bilayer, or the vesicle
lumen59
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1.3. Lipids and membranes models
The lipid bilayer membrane is one of the most important entities in any biological
system. Beginning from prokaryote cells, all cells in every living tissue is encapsulated by
the lipid membrane. The cell membrane, also known as plasma membrane, is a selective
barrier which separates the internal organelles from the surrounding, and controls the
transport in and out of the cell, to determine the content of the cytoplasm. The membrane
structure is provided by a bilayer of phospholipids. Phospholipids contain a hydrophilic
headgroup linked to hydrophobic fatty acid chains. The length and number of fatty acid
chains as well as the size and properties of the headgroup can vary greatly to favor
formation

of

different

membrane

structures.

In

eukaryote

membranes

phosphatidylcholine headgroups linked to two fatty acid chains dominate the lipid
composition, favoring the self-assembly into planar bilayer membranes in water, for which
the outer surfaces comprise the hydrophilic headgroups, and the core is a hydrophobic
barrier space comprised of the alkane chain tails. While the main concept of the lipid
bilayer has not changed much from the original membrane that might have come into
existence already 4 billion years ago, different lipid compositions and additional protein
combinations are used to adapt each membrane to its different functionality. The
biological membrane performs many functions:70
-

Barrier: the membrane controls transport in and out of the cell, and maintains the
homeostasis in each cell. The membrane not only acts as a passive barrier, it also
plays a key role in the active transport of large hydrophilic molecules.

-

Signaling: the membrane acts as a receptor of information from the surroundings
to the inside and vice versa.

-

Factory site: many proteins and enzymes are synthesized within the membrane

-

Energy conversion: membranes allow light and chemical energy to be converted
into more usable forms.

-

Subdividing the cell: membranes separate different areas of the cell, and each
organelle.

-

Recognition: different cell membranes have various surfaces and will interact
differently with other cells. This allows cells to “recognize” one another and act
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accordingly; human cells cooperate with each other while they may attack foreign
cells including harmful bacteria
The biological membrane structure was introduced by S.J. Singer and Garth
Nicolson71 as a fluid mosaic in 1972. In their model they described the membrane as
fluid phospholipid layer, where the lipids and other incorporated protein can diffuse
freely within the plane of the membrane. The membrane proteins provide the different
functionalities of the membrane. For example, channel proteins mediate the passage
of hydrophilic molecules i.e. ions across the hydrophobic core of the membrane, which
otherwise is impermeable to water soluble and highly charged molecules. Other
proteins serve as receptors that control the cell-cell signaling. Figure 7 shows an
illustration of a cell membrane with different proteins incorporated.

Figure 7: Schematic illustration of the cell membrane structure according to the fluid mosaic model.72

Phospholipids usually differ in the end group properties and also in the length and
saturation of their hydrocarbon tails. The head group has an important role in membrane
fusion73, and the tail will control the 𝑇𝑚 and rigidity of the layer74. The plasma membrane

of eukaryotic cells is mainly comprised of four main types of phospholipids;
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and
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sphingomyelin (SM). These four constitute more than half of the lipids in most
membranes. The two lipid layers within the membrane are usually asymmetric,75 and
each side will have a different composition tailored to its specific role. In many cases the
outer layer contains mainly PC and SM, while the inner layer contains mainly the other
two, PE and PS, in order to have a negative charge in the inner layer due to the negatively
charged serine head group. This asymmetry has an important role in many of the process
taking place across the membrane, and the composition of each is usually carefully
controlled to maintain the functionality. One of the characteristics of cancer cells is the
inability to keep the asymmetry.76 Figure 8 illustrate the asymmetry of the cell membrane
bilayer. Beside phospholipids the animal cell membrane contains glycolipids (about 2%)
and cholesterol. Cholesterol is also abundant in animal cell membranes, and plays a
distinct role in its structure. It cannot form a bilayer and is inserted into a phospholipid
bilayer. The lipid and cholesterol composition will determine the membrane properties,
mainly melting temperature (𝑇𝑚 )77 and fluidity of the membrane, which in turn controls the

permeability, binding and fusion of the membrane.78

Figure 8: Phospholipid asymmetry in the erythrocyte membrane. The outer layer contains mainly PC and
SM while the inner layer contains mainly PE and PS.75

The cell membrane plays a critical role in every biological system, and many toxicities
of substances are related to their effect on the cell membrane.79 This makes it crucial to
understand the membrane processes and membrane interactions in order to be able to
assess possible toxicity while e.g. designing and characterizing new particles for use in
medical applications. However, the membrane is such a complex system that many
model systems were designed over the last decades to try to understand it better through
experiments with reduced complexity than those that can be performed directly on cells.
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Many of the model systems simplify cell membranes in order to illuminate the specific
lipid interactions by constructing only lipid layers and testing their properties change in
response to different environmental and chemical changes, or exposed to different
molecules. Among the used models are monolayers, planar lipid bilayers (or supported
lipid bilayers, SLB), micelles, and unilamellar and multilamellar vesicles, some of which
are schematically exemplified in Figure 9.

Figure 9: Schematics of selected lipid assemblies: A) Representation of different vesicles sizes and
lamellarity.80 B) Representation of supported lipid Bilayer formation from I. Langmuir–Blodget monolayer.
II. Vesicles spontaneous fuse to a solid support. Adapted from 81

Model bilayer systems are commonly used for the investigation of biological processes
that occur at the cellular level,82 due to their similarity to cell membrane in terms of
structure, selective permeability and two-dimensional fluidity. In addition they can be used
as environments for presenting membrane proteins,81 which otherwise cannot been
investigated outside the full complexity of the cell membrane. The common model system
for doing this is liposomes.78,83 Most phospholipids self-assemble into multilamellar
liposomes in aqueous solution due to their geometrical shape factor. Liposomes are
usually in the size range of 50 nm- 500 µm. Liposomes are also easy to prepare
reproducibly and have a wide range of possibilities in term of lipid composition, size,
stability etc. Usually liposomes are grouped in 3 main size groups: small vesicles
(<50nm), large vesicles (50-400nm) and giant vesicles (>400nm).82 Measuring
biophysical interactions of liposomes is possible by many spectroscopic techniques, such
as fluorescence and Raman spectroscopy, or by calorimetric techniques such as
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differential scanning calorimetry (DSC). However, liposomes have some features that do
not always make them the most suitable model system. In particular, their size is much
smaller than that of cell membranes i.e. their curvature is much higher. To remedy this is
one reason why planar lipid bilayer model systems have been developed. Supported lipid
bilayers are planar membranes that form on smooth solid supports such as silicon or
mica, usually by fusion of unilamellar lipid vesicles. SLBs are usually used together with
surface sensitive techniques to characterize their structural properties, chemical and
physical interactions, such as neutron reflectometry, scanning probe microscopy, Fourier
transform infrared spectroscopy (FTIR), ellipsometry, surface plasmon resonance and
waveguide spectroscopy, quartz crystal microbalance with dissipation monitoring (QCMD), fluorescence microscopy and fluorescence recovery after photobleaching. In addition,
supported bilayers can be further modified, for example by creating asymmetry between
the lipid leaflets by varying the lower leaflet interaction with the solid support, or inserting
transmembrane proteins etc.81
Each model has different sensitivity, can be applied with ease to different types of
membranes and can be combined with different measurement methods, so usually one
model will not be enough to understand the full interaction, and combination of different
models, applying different measurement technics will be necessary.82 For example,
measuring both QCM-D using supported lipid membranes as well as calorimetry
measurement using liposomes takes advantage of the relative strengths of both systems
to develop a fuller understanding of membrane interactions.
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1.4. Protein interactions with nanoparticles and the particle protein

corona
While the adsorption of proteins onto surfaces, including onto nanoparticles, is known
for many decades,84 its importance and effect on the nanobiomedicine field has only truly
been accounted for and seriously investigated in the last decade.85 The term “protein
corona” was coined for the adsorption of a layer of proteins on nanoparticles that can
determine further interactions of the nanoparticle in a biological environment. 86 An
illustration of the protein corona can been seen in Figure 10.

Figure 10: Illustration of the protein corona (shown as adsorbed green, blue, and cyan globules) adsorbed
on a particle in a biological fluid.86

The interactions at the interface between the nanomaterial and a biological system are
governed by the thermodynamics of an aqueous milieu through the minimization of the
free energy, and contains different energetic contributions such as double layer and van
der Waals forces, and mainly entropic hydration (hydrophobic) and polymer
interactions86,87 between the particles and biological molecules (proteins, membranes,
phospholipids, endocytic vesicles, organelles, DNA and biological fluids) (Figure 11). In
the last decade, extensive research has been done in the effort to understand in detail
the complex interplay of these many colloidal interactions to elucidate the dynamics of
the protein corona and its implication on the use of nanoparticles in biomedicine and
biotechnology.
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Figure 11: Interactions between nanoparticles. a) Forces and interactions that occur when particles are
suspended in biological media. b) vdW and depletion forces are attractive whereas the double- layer forces
are repulsive over colloidal (nanoparticle and protein) length scales. The figure was adapted from 87.

When a nanomaterial without specific surface functionalization is inserted into a
biological system, first, weak attachment of the abundant proteins will take place. This is
known as the “soft corona”. Over time, due to its dynamic nature, stronger bonds to
proteins with lower concentration but slower adsorption kinetics will form, and a more
permanent layer forms around the nanoparticle. This layer is known as a “hard corona”.88
Usually the hard corona will be covered with an additional loosely bound soft corona. An
illustration of the soft and hard corona is given in Figure 12. Since a biological fluid may
contain thousands of different proteins, it is very hard to predict the corona’s
composition.89 Two similar particles can have different coronas in the same system,
reflecting the statistical nature of their formation.87. In addition, the physicochemical
characteristics of the nanoparticle can affect the corona fingerprint, and is important in
determining the layer composition.90 The corona will also be different from one biological
fluid to the other, reflecting that not only the surface properties of the nanoparticles but
also the composition of the biological fluid influences the result. Therefore, although the
so called “hard corona” has a longer life span, it will eventually evolve and re-equilibrate
when the environment is changed,91 and thus the path of the particles through the body
strongly influences its functionality.92 This makes the type of administration important as
well (e.g., inhalation, intravenous injection or oral ingestion).86
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Figure 12: Illustration of hard vs soft corona.93

The protein corona plays an important role in determining the fate of a particle, and its
biodistribution in vivo.94 The protein layer can e.g., initiate an immune response, which
leads to rapid clearance from the body. This may be caused in a straight forward manner,
due to the size increase or in a more complex manner, e.g., if the adsorbed protein
undergoes misfolding or aggregation. Misfolding can lead to exposure of new epitopes,
which increase cell recognition or enhance the immune response; it may alter their
function and/ or affect their avidity.95,96 Different suggested effects of the protein corona
on the nanoparticle function, toxicity, and biocompatibility are shown in Figure 13.
Some recent research shows that in contrary to the initial belief, core-shell particles
that were considered stealth and had long term stability in biological media still have quite
abundant protein interaction.97 This discovery doesn’t necessarily undercut the progress
made so far with core-shell nanoparticles, but rather emphasizes the importance of
understanding these types of interaction to distinguish the properties that make certain
protein interactions or coronas control nanoparticle biodistribution while others seem to
be no cause for concern and thereby better predict their fate in vivo,95, or in order to be
able to functionalize them more efficiently and without loss of function in vivo98. The
protein corona in many cases is a double-edged sword. A thick protein layer may mask
the functionalization of the nanoparticle99 and also can lead to rapid recognition and
clearance from the body, but it can also provide higher stability, lower toxicity and lower
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unspecific uptake in some cases, much like a polymer brush shell.100–102 Both results are
usually consequences of the change in particle colloidal interactions due to the layer, e.g.
shape, size, and charge of the nanoparticles can be affected by the corona which affect
the interaction with the body, such as immune system recognition.101

Figure 13: Effects of protein corona surrounding a nanoparticle. a) Illustration of the original characteristic
of the surface, which cause the formation of protein corona. b) Changes on the nanoparticle surface due
to the corona can lead to cell injury.87
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1.5. In vitro model assays for understanding the interactions

between nanomaterials and cells
The interaction of a cell with the surrounding materials is very import in regulation and
maintenance of the normal cell and tissue functionality. Until recently very little was known
about these interactions and the mechanics of the cell responses to different
molecules.103 Much research was dedicated in the last decades to understand complex
biological phenomena in term of surface reactivity of the cell, and its interaction with
molecules with specific structure and functionality. Many of the assays include in vitro
examination of the response of the cell to exposure to natural and synthetic materials.
This allows to simulate response in a simple, fast and cost-effective manner, which is
aimed to reduce surprises during the clinical trials in animals or humans.
Early attempts were based on cell culture methods from the 1950s. Most of the assays
include growing the cell in a flask, incubation of the cell with the nanomaterial or drug to
be tested, and then measuring the amount of live cells.104 This method, while important
for the development of new material and elimination of highly toxic materials or ineffective
drugs has many drawbacks. One of the main drawbacks is the poor correlation between
in vitro and in vivo results. The reason for the poor correlation is mainly due to the
complexity of the biological system, many aspects of which are not recreated in vitro. A
lot of effort in the last few years was directed to developing more complex models that
take additional crucial parameters into account. To date, there are still no standard for
measuring nanomaterial performance and toxicity in vitro. Designing in vitro methods has
two main issues: 1) recognizing and deciding which biological response in vivo is
significant and should be simulated (which is not the same for all systems). 2) Designing
a relatively simple and cost-effective method that would be reproducible, even between
different labs.105
Most common are toxicity assays. They are frequently used as a first line of
measurements. The main problem with toxicity assays is that they test only the final result:
did the cell survive the exposure to the material. They are also only designed to provide
the short-term response, typically after 12-24 h incubation time, which means that they
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might have very limited value to predict long-term toxicity of the kind of interest in
epidemiological studies used to regulate material use. A cell can recover or succumb to
the injury caused. But, toxicity assays do not really show the biocompatibility of the
material, i.e. it cannot measure activation of biological processes. The activation
measurements require much longer exposure periods of the tissue to the material than
cytotoxicity measurements are designed for. In vivo, the processes normally tested are;
inflammation, immune system response and mutagenesis.
Today, with new understanding and new technologies constantly being developed,
there are many possibilities to simulate cell response with better accuracy. For example,
by 3-D tissue engineering one can simulate the cell surface and structure better than the
monolayer cell grown in a flask. In addition, new cell lines are available, including human
non-cancerous cell lines, but also donor cells can be grown in the lab today and used for
testing. Other factors are added such as sheer stress, endothelial permeability, co-layer
growth etc. The measured variables are also changing. Today, as more sensitive
methods are available to check the biological activity of the cell, it is possible to measure
even small changes in cell activity after incubation with different nanomaterials.
Even though there is no standard for in vitro preliminary testing, it is recommended by
a few international standard organizations to use a series of measurement, since no
single measurement in vitro can define biocompatibility.105 As more advanced in vitro
testing methods are introduced, it has been shown in a few cases that designing a set of
measurements, using human cells and taking additional important factors into account, in
vitro testing can have better predictability for clinical trials than animal testing.106 In vitro
testing is an important stage in any new material or drug development process. With
technologies currently being developed that increase sensitivity, accuracy and
significance, it is becoming a common tool to test materials before entering animal or
clinical trials.

33

2. Work leading to this thesis and scope of
the work
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2.1. Work leading to this thesis
Nanotechnology can be seen as a move of all scientific and technological fields into
the nanosized regime, rather than a field of its own. One of the major difficulties in
optimizing nanomaterials is our lack of understanding of colloidal interactions of
nanomaterials in biological systems, and the lack of precision with which we can vary
nanoparticle properties that can influence these interactions. Thus, our ability to make
nanoparticles for which we can predict in vivo behavior such as biodistribution,
metabolism and toxicity is still highly limited. Previous work in our group introduced a
platform of superparamagnetic iron oxide nanoparticles. 41,107 This platform allows us to
change the core size precisely throughout the superparamagnetic size range for highly
spherical nanoparticles. The platform also provides us with the control to replace the
ligand shell with another densely and stably grafted organic, e.g. polymer brush shell,
using nitrocatechol anchor chemistry and optimized protocols for the ligand exchange and
purification.41,108–110 The densely grafted shell will determine the hydrophilicity/
hydrophobicity of the particles as well as their colloidal stability and interactions in a
biological environment. Particles grafted with hydrophilic polymer brush shells, such as 5
kDa poly(ethylene glycol) (PEG) are hydrophilic, and can be applied in vivo to enhance
magnetic resonance imaging contrast due to the superparamagnetic cores.109 While PEG
is the gold standard polymer for nanomaterial functionalization in biomedicine, our
platform allows for comparison of grafted PEG brushes with alternative choices such as
poly(2-alkyl-oxazoline).111,112 The SPION can also be functionalized with short
hydrophobic ligands that make it possible for the particles to partition into and stably
reside in lipid membranes and their mimics.60,61,113 In previous studies, similar PEGgrafted nanoparticles showed long term stability even in demanding environments such
as high protein content and subject to elevated temperatures. However, there is still much
that is not known about the colloidal properties, activity in protein solutions and their
interactions with lipid membranes and different types of cells. The key motivation for the
work presented in this thesis is to find better ways to study and to obtain better
understanding of the relationship between core-shell nanoparticle design and the
outcome of their application in biological fluids and with cells.
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Another SPION based systems that was established in our group was
magnetoliposomes, or vesicles that incorporate SPION in the interior of the membrane.57
Although drug delivery liposomes are well established they have several weaknesses
such as short circulation times and poor physical and chemical stability.114 An alternative
is to replace the lipids by block copolymer amphiphiles that also assemble into nanosized
vesicles.114,115 Using ultrasmall SPION grafted with a dense shell of hydrophobic ligands
(palmityl-nitrodopamine) we could incorporate such nanoparticles in the hydrophobic
interior of the membrane of polymersomes,60 and thereby open the way to investigate
their properties in relation to liposome systems and in particular as prototypes for
theranostic delivery vehicles and core-shell nanoparticles that have average diameters
on the order of 100 nm. Polymersomes can be used as stable drug delivery carriers, and
incorporating size controlled SPION in the bilayer can provide a controlled release from
their lumen.60,61,116

2.2. Scope of this work
In the work presented in this thesis we investigate the interactions of
superparamagnetic iron oxide nanoparticles (SPION) with densely grafted organic shells.
The work is based on a platform that allows synthesis of highly monodisperse
nanoparticle cores for which the properties such as core size, shell chemistry and ligand
density can be precisely varied. Our focus is on the effect of those parameters on the
adsorption of serum proteins, the interaction of the particles with lipid membranes, and
the correlation of nanoparticle properties and these interactions with cell uptake and cell
toxicity.
In Paper I, we address the influence of SPION core size and therefore curvature with
focus on their interaction with lipid membranes. For this, we used quartz crystal
microbalance with dissipation monitoring (QCM-D) to quantitatively measure the
adsorption of PEG-SPION with supported lipid bilayers of varied and controlled
composition under various conditions that make it possible to verify the origin of attractive
interactions between the PEG-SPION and the membranes. The nanoparticle structure
and membrane interactions were then correlated with cell uptake and cytotoxicity using
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HeLa and human embryonic kidney (HEK) cells. These important data can help design
even better particles for biomedical application.
To improve the correlation between in vitro and in vivo results, it is argued that in vitro
models that take more factors into account, such as shear flow, in vivo-like cellular
organization and functionality of the cell line should be used. The correlation study from
Paper I was therefore extended to the RAW cell line, which are macrophages, were
chosen, in order to test the uptake of the particles by cells who are specialized for clearing
antigen from the blood, and to liver cancer HepG2 and liver macrophages (Kupffer) cells
since clinically used nanoparticles to date are mainly found in the liver. Further testing
reflecting more appropriate conditions encountered in vivo were added, included uptake
measurements using RAW under shear flow stress and testing the ability of the
nanoparticles to cross epithelial cell barriers or compromise their barrier function using
confluent layers of human umbilical vein endothelial cells (HUVEC) grown on a special
membrane support separating two-compartments. These results are presented in Paper
II, which is an unsubmitted manuscript, and further promotes the hypothesis that
suppressing the attractive colloidal interactions of nanoparticles with proteins and
membranes correlates with low uptake and low impact on cells cultured in vitro.
Previous work on designed core-shell nanoparticle interactions with proteins has
almost exclusively focused on the use of colloidal methods. To expand the understanding
of the energetics of the interaction of polymer brush grafted SPION with proteins, we
conducted the isothermal titration calorimetry (ITC) measurements presented in Paper III.
Although focusing on the PEG-SPION previously investigated, we extended this study to
include SPION with a large range of different polymer brushes, including
thermoresponsive polymers with a critical solution temperature close to body
temperature. Albumins and serum were used as protein solutions to mimic conditions in
biomedical applications. This method revealed previously hidden interactions between
albumins and polymer brush stabilized nanoparticles. These results prove recent reports
suggesting that particles considered colloidally stable and stealth in serum and cell media
still display attractive and exothermic interactions with albumin. Our methodology and
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developed nanoparticle platform allows us quantitative comparison of protein interactions
with the various nanoparticle designs.
In Paper IV, we examined the cell uptake and toxicity of SPION with a
thermosresponsive biocompatible shell. The correlation between varying the shell
composition, and so the aggregation temperature, with the cell uptake was measured.
SPION coated with thermosresponsive polymer will have a critical solution temperature
(CST) above which the shell will partially lose its hydration and collapse on the particle
surface. In this work, homo- and a random copolymer of two different 2-alkyl-oxazoline
monomers polymers with different solvation properties were used as shell for the SPION.
Physiological solution conditions strongly decrease the CST and the three different
poly(2-alkyl-oxazoline) shells were engineered to have CST above, close to and below
the body temperature in cell media to illuminate the aggregation effect on the cell
recognition, uptake and toxicity using HeLa cells.
Stabilized and size-controlled nanoparticles can also be built into larger structures such
as drug delivery vehicles. Similar considerations as for SPION apply to drug delivery
vehicles, but they have intrinsically larger sizes to achieve high drug loading. In Paper V,
we therefore followed up previous work on design of such multifunctional drug delivery
polymersomes containing nanoparticles with a study on their cell interaction,
internalization pathway and toxicity. To understand the uptake mechanism, different
surface functionalization of the polymersomes was tested and fluorescence and
nanoparticle markers were incorporated in the polymersomes membrane to allow
monitoring of their cellular distribution using fluorescence microscopy, transmission
electron microscopy and a chemical iron quantification assay.
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3.1. Paper I: “Interaction of Size-Tailored PEGylated Iron Oxide
Nanoparticles with Lipid Membranes and Cells”

Authors: Noga Gal, Andrea Lassenberger, Laia Herrero-Nogareda, Andrea Scheberl,
Verena Charwat, Cornelia Kasper, and Erik Reimhult
Biomaterials Science & Engineering 2017
10.1021/acsbiomaterials.6b00311
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Motivation of and contribution to study:
A lot of attention has been given in recent years to superparamagnetic iron oxide
nanoparticles (SPION). The superparamagnetism of iron oxide crystals in the nanometer
size range, coupled with their inherent nontoxicity, makes them highly desirable for many
biomedical applications, such as imaging, drug delivery etc. While the iron oxide
nanoparticles are not toxic, they are not colloidally stable in physiological medium due to
attractive van der Waals interactions and a slightly positively charged surface that drives
aggregation with negatively charged biopolymers. To make them more stable and useful
for biomedical and biotechnological applications, a core-shell structure is used. A thick,
biocompatible, highly hydrated and flexible polymeric shell can screen the attractive
forces of the underlying core, which keeps the core functionality intact, while making the
particles colloidally stable.
Although many studies have been done, and SPIONs have already been used
clinically, there is still a lack of understanding of the interactions of the SPION with lipid
membranes and proteins, as well as the correlation between these interactions and their
toxicity and cell uptake. Thus, it is still not clear which forces dominate the interaction and
which properties of the particles are important to control their biological fate.
In this work, monodisperse (SD < 10%), single-crystalline SPION of three different core
sizes 3.3, 6.7 and 8.0 nm were synthesized and grafted with nitrodopamine-poly(ethylene
glycol) (NDA-PEG(5 kDa)) brushes as a polymer shell. The colloidal stabilities of the
particles were measured in different environments including varied ionic strength and
temperature. The particles showed remarkable long term colloidal stability.
Investigation of the interaction of the particles with lipid membranes showed a nonpenetrative attractive interaction with a negatively charged lipid layer at low ionic strength,
especially for smaller cores that have higher curvature. However, in physiological
condition, the 5 kDa and densely grafted PEG brush was enough to screen the evidently
underlying positive charge and render the particles stealth through adding an osmotically
repulsive interaction of longer extension than the attractive interactions with the core. Low
membrane interaction was shown to correlate with low non-specific cell uptake and
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cytotoxicity. From this study we conclude that the attractive interaction between our
particles and a lipid layer is dominated by double layer attraction, and that the attractive
forces are negligible at physiological ionic strength due to the screening of the polymer
layer. Lower curvature of the core results in a denser shell at the same grafting density,
which explains the higher colloidal stability and reduced biological interactions of these
particles.
Thus, these SPION, stabilized by a densely grafted PEG brush shell, have excellent
low toxicity and nonspecific interactions with proteins, membranes and cells, which make
them great candidates for biomedical applications such as MRI contrast agents. Further
tailoring of their biological interactions through functionalization with biomolecules could
allow for precise control over their specific binding interactions to realize targeted
magnetic resonance imaging.
My contribution to this work was designing, executing and analyzing all of the
experiment, as well as co-writing the paper.
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ABSTRACT: Targeted nanomedicine builds on the concept
that nanoparticles can be directed to speciﬁc tissues while
remaining inert to others organs. Many studies have been
performed on the synthesis and cellular interactions of core−
shell nanoparticles, in which a functional inorganic core is
coated with a biocompatible polymer layer that should reduce
nonspeciﬁc uptake and cytotoxicity. However, work is lacking
that relates structural parameters of the core−shell structure
and colloidal properties directly to interactions with cell
membranes and further correlates these interactions to cell
uptake. We have synthesized monodisperse (SD < 10%), single-crystalline, and superparamagnetic iron oxide nanoparticles
(SPION) of diﬀerent core size (3−8 nm) that are densely grafted with nitrodopamine-poly(ethylene glycol) (NDA-PEG(5
kDa)) brushes. We investigated the interactions of the PEGylated SPION with biomimetic membranes and cancer and kidney
cells. It is shown that a dense homogeneous PEG shell suppresses membrane interactions and cell uptake but that nanoparticle
curvature can inﬂuence membrane interactions for similarly grafted nanoparticles. Weak adsorption to anionic lipid membranes is
shown to correlate with eukaryote cell uptake and is attributed to double-layer interactions without direct membrane penetration.
This attraction is strongly suppressed during physiological conditions and leads to unprecedented low cell uptake and full cell
viability when compared to those of traditional dextran-coated SPION. Less curved (larger core) PEGylated SPION show weaker
membrane adsorption and lower cell uptake due to eﬀectively denser shells. These results provide a better understanding of
design criteria for core−shell nanoparticles in terms of avoiding nonspeciﬁc uptake by cells, reducing toxicity, and increasing
circulation time.
KEYWORDS: superparamagnetic core−shell iron oxide PEG nanoparticles, supported bilayer, QCM-D, membrane interaction,
cell uptake

■

targeting of speciﬁc tissues and cells. Failure to do so leads to
rapid aggregation of the nanoparticles and eﬃcient clearance by
the body. As described by Parak and co-workers, the grafting of
a protective polymer brush shell around an inorganic
nanoparticle aﬀects not only the colloidal stability but also
other physicochemical properties of the nanoparticle such as its
size and surface charge density.3 Despite this, detailed
investigations of nonspeciﬁc interactions of core−shell nanoparticles intended to minimize protein and lipid interactions
with membranes as well as demonstration of actually hindered
cell uptake are largely lacking.
Of the many types of inorganic nanomaterials of interest for
biomedical applications, superparamagnetic iron oxide nanoparticles (SPION) with sizes between 3 and 15 nm in diameter

INTRODUCTION

Nanoparticles are ﬁnding increasing use in medical diagnostics,
imaging, and therapy due to their similar size to biological
entities, unique colloidal properties, and functionality.1 The
application of nanoparticles both in vitro and in vivo rests on the
ability to suppress nonspeciﬁc interactions of the functional
core of nanoparticles with biological material.1 Nanoparticles
developed for biomedical applications such as contrast
enhancers for imaging, radio and thermal therapy, or drug
delivery typically have a functional metal, oxide, or hydrophobic
polymer core. Unmodiﬁed such nanoparticles have strong and
uncontrolled interactions with biological molecules and
membranes. Equipping the core with a biocompatible shell
of, e.g., lipids or a polymer brush is a common way to attempt
to screen and prevent such nonspeciﬁc ionic, dipole, or entropic
attractive interactions. Suppressing nonspeciﬁc interactions, in
particular the formation of a protein corona around the particle,
is a prerequisite to achieve functionality in vivo,2 including
© 2016 American Chemical Society
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[phospho-rac-(1-glycerol)] (DMPG), 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP), and 1-oleoyl-2-[12-[(7-nitro2−1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phosphocholine (NBD-PC) were purchased from Avanti Polar Lipids (AL).
QCM sensors were purchase from LOT-Quantum Design.
Human embryonic kidney cell line HEK 293 ATCC number CRL1573 was obtained from BioBank Graz (Medical University of Graz,
Austria). HeLa cells (ACC 57) were obtained from DSMZ (Leibniz
Institute DSMZ - German Collection of Microorganisms and Cell
Cultures GmbH). Glass bottomed dishes were purchased from In
Vitro Scientiﬁc.
PBS was prepared by dissolving 1 tablet in 200 mL of Milli-Q water.
Ten millimolar HEPES buﬀer was prepared by weighing 1.19 g of
HEPES and dissolving in 500 mL of Milli-Q water (ﬁnal volume).
Drops of concentrated NaOH were added to reach a ﬁnal pH of 7.4.
For HEPES-BS, additional 4 g of NaCl and 0.1 g of KCl were weighted
for ﬁnal concentrations of 137 and 2.7 mM, respectively. All buﬀers
were ﬁltered after preparation and kept at 4 °C for long-term stability.
Synthesis of Superparamagnetic Iron Oxide Nanoparticles.
Densely grafted, monodisperse superparamagnetic iron oxide nanoparticles were synthesized and puriﬁed as previously described.12b In
brief, ﬁrst oleic acid-capped iron oxide cores were synthesized by
thermal decomposition of an iron precursor according to a slightly
modiﬁed heat-up procedure described ﬁrst by Hyeon et al.14 Brieﬂy, a
mixture of dioctylether (Oct2O) and oleic acid (OA) was heated to
100 °C under N2. Fe(CO)5 was injected rapidly, and the reaction
mixture was heated to 290 °C with a temperature ramp up of 3 °C/
min. After aging for 1 h, the NP dispersion was allowed to cool to RT
and precipitated thrice with EtOH. The size was controlled by the
Fe(CO)5/OA ratio; details can be found in the Supporting
Information (Table S1). Three diﬀerent core sizes were selected to
cover the most common superparamagnetic size range of 3−8 nm in
diameter.
To ensure stably grafted PEG shells, PEG(5 kDa) was anchored to
the surface of the iron oxide nanoparticles by nitrodopamine anchors15
following a ligand replacement procedure described in Lassenberger et
al.12b 6-Nitrodopamine-hemisulfate (NDA-HSO4) was synthesized
according to literature with slight modiﬁcations.16 NDA-PEG(5 kDa)
was synthesized by COMU-mediated peptide-coupling reactions (see
Supporting Information for experimental details).17 Ligand replacement took place in 10-fold excess (with respect to the expected
grafting density, e.g., 3.0 g of NDA-PEG(5 kDa) for 3.3 nm NPs, 2.0 g
for 6.7 nm NPs, and 1.8 g for 8.0 nm NPs). NDA-PEG(5 kDa) was
dissolved in DMF and mixed with 1.2 g of the respective OA-SPION.
Typically, 1.2 g of NPs was dispersed in 30 mL of DMF and the
desired amount of NDA-PEG(5 kDa). The dispersion was sonicated
for 26 h at a slightly elevated temperature (35 °C). Subsequently, the
mixture was extracted thrice with n-hexane (30 mL each) in order to
remove released oleic acid. Afterward, the solvent was evaporated; the
NPs were lyophilized for 24 h and puriﬁed from excess ligand by
magnetic decantation.12b All NPs were characterized by transmission
electron microscopy (TEM), thermogravimetric analysis (TGA),
infrared spectroscopy (IR), and dynamic light scattering (DLS) as
described elsewhere.12b A summary of nanoparticle core and
hydrodynamic sizes as well as organic content and PEG grafting
density is found in Table 1. Representative transmission electron
micrographs of the surface modiﬁed, PEGylated SPION are shown in
Figure 1.
Liposome Preparation. The desired amount of lipid dissolved in
chloroform was dried under a stream of nitrogen for a few minutes and
then left overnight in a Free Zone6 Labconco lyophilizer to remove

might be the most interesting due to their inherent low
toxicity8 combined with their multiple uses in labeling and
separation,4 magnetic resonance imaging,5 drug delivery,6 and
hyperthermia treatment.7 While toxicity and cytotoxicity of
various types of SPION have been tested over the years,9
almost no research has been performed to understand the
interaction between model cell membranes and PEGylated or
other polymer stabilized core−shell SPION. Mainly, the
interactions of polydisperse particles or nanoparticles promoting membrane penetration have been investigated, the latter
notably by Stellacci and co-workers;10 such particles do not
have shells that use the steric-osmotic repulsive potential
required to suppress membrane interactions.11 Also, investigations of cell uptake and cytotoxicity of polymer-coated
core−shell SPION have been performed using nanoparticles
whose size, shell density, stability, and other colloidal properties
of utmost importance for membrane interactions and cell
uptake have not been carefully controlled.
Methods to synthesize monodisperse SPION of deﬁned size
that have a dense poly(ethylene glycol) (PEG) shell were
recently developed.12 Dense PEGylation is diﬃcult to achieve
by grafting of PEG chains to nanoparticles but is crucial to
avoid protein adsorption onto the particles. Indeed, due to the
high curvature of small nanoparticles, a much higher density of
grafted PEG is required than on less curved surfaces.3,13 These
particles were shown to have negligible interaction with serum
protein even under heat treatment that led to protein
denaturation and precipitation. Furthermore, their structural
stability with covalent grafting of the stabilizing polymer shell is
important to predict and design in vivo biodistribution, which
should rely on tracing all nanoparticle components.2 They
therefore lend themselves as an excellent model system with
controlled structure and excellent colloidal stability to
investigate biophysical interactions.
In this work, we investigate the interaction of such densely
PEGylated nanoparticles with lipid membranes as a function of
size and in the framework of the Derjaguin−Landau−Verwey−
Overbeek (DLVO) theory. We correlate negligible membrane
(and protein) interaction with low cell uptake and no
cytotoxicity. Our ﬁndings serve as experimental veriﬁcation of
design principles for future targeted SPION that by design have
negligible nonspeciﬁc interactions with biological colloidal
systems.

■

MATERIALS AND METHODS

Materials. Iron(0)pentacarbonyl (99,99% trace metal basis), oleic
acid (≥93% technical grade), dioctyl ether (>99%), dopamine
hydrochloride (≥98%), sulfuric acid (95−98%), sodium nitrite
(≥99%), 4-methyl-morpholine (99% ReagentPlus), (1-cyano-2ethoxy-2-oxoethylidenaminooxy)-dimethylamino-morpholino-carbenium hexaﬂuorophosphate (COMU, 97%), hydrochloric acid (37%
ACS reagent), methoxy-PEG acetic acid (MeO-PEG-COOH, Mw
5000) from JenKem Technology, EtOH (>96% technical grade),
DMF (>99,9% ACS reagent), CHCl3 (≥99.5% containing 100−200
ppm amylenes as stabilizer), n-hexane (≥95% chromasolv plus for
HPLC), and petroleum ether (30−50 °C bp, p.a.) were obtained from
Carl Roth. Phosphate buﬀered saline (PBS) tablets, 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid potassium salt (HEPES),
sodium L-ascorbic acid, ferrozin, neocuproin, ammonium acetate,
KMnO4, HCl, NaOH, NaCl, KCl, FeCl3 Hellmanex III, H2SO4, and
cell culture media were purchased from Sigma-Aldrich. Bovine serum
albumin (BSA) was purchased from Bio Rad. 1-Palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3phospho-(1′-rac-glycerol) (sodium salt) (POPG), 1,2-dimyristoyl-snglycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-

Table 1. Size and Grafting Density of PEGylated SPION
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core size
[nm]

TGA [NDA-PEG/
nm2]

TOC
[%]

hydrodynamic diameter
[nm]

3.3 ± 0.4
6.7 ± 0.5
8.0 ± 0.3

0.7 ± 0.1
0.6 ± 0.1
1.0 ± 0.1

68.7
47.2
45.6

16.5 ± 1.3
16.2 ± 1.1
19.7 ± 3.0

DOI: 10.1021/acsbiomaterials.6b00311
ACS Biomater. Sci. Eng. 2017, 3, 249−259

ACS Biomaterials Science & Engineering

Article

discarded after a few days since phosphate buﬀers have been known to
reduce colloidal stability also of surface-modiﬁed SPION.
Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D). QCM-D19 measurements were performed using the Qsense E4 ﬂow module (Q-Sense) with silicon dioxide coated sensors.
The buﬀer in which the nanoparticle/membrane interaction would be
investigated was ﬁrst ﬂowed at 100 μL/min to record a baseline; this
ﬂow rate was used throughout the measurements. The selected
liposome suspension was then injected at 0.1 mg/mL lipid
concentration in a buﬀer suitable for the spontaneous assembly of a
supported lipid bilayer. The adsorption, rupture, and fusion of the
liposomes into a planar, ﬂuid, and surface-covering SLB was monitored
by the characteristic frequency and dissipation kinetics for SLB
formation using QCM-D in situ.20 The SLB was washed ﬁrst with the
buﬀer used for the SLB formation, followed by the buﬀer selected to
study the PEG-SPION interaction with the membrane. PEG-SPION
of selected core size were injected at concentrations of 0.113, 0.188,
and 0.192 mg Fe/mL for 3.3, 6.7, and 8.0 nm PEG-SPION,
respectively, which correspond to 2.74, 0.55, and 0.33 μM PEGSPION. The SPION were incubated with the SLB for 1 h during
which the interaction was recorded. After 1 h, the measurement
chamber was rinsed with buﬀer and the desorption of PEG-SPION
weakly bound to the SLB recorded. Control measurements with the
bare silicon dioxide surface were also recorded by omitting the SLB
formation step. All buﬀers used for QCM-D measurements were
ﬁltered through a 0.2 μm PVDF ﬁlter and degassed immediately before
use. The QCM-D frequency and dissipation response were collected as
a function of time using odd overtones 3−11, but data presented in the
ﬁgures are all taken from the third overtone. The strength of the
interaction between PEG-SPION and substrate was estimated from
the frequency shift resulting from PEG-SPION bound to the surface
before and after buﬀer rinse relative to the baseline in buﬀer before
PEG-SPION injection.
Diﬀerential Scanning Calorimetry (DSC). 6.5 μL of 6.7 nm
PEG-SPION and 3.75 mg of Fe/mL (10.88 μM PEG-SPION) were
added to 400 μL of DMPC/DMPG 9:1 1 mM LUV (ﬁnal PEGSPION concentration 0.062 mg Fe/mL and 0.18 μM PEG-SPION).
The samples were measured using MicroCal* VP-Capillary DSC
System. Data processing was done using the MicroCal VP-Capillary
DSC Automated data analysis for Origin.
Cell Growth. HeLa cells were grown in RPMI-1640 medium
supplemented with 10% (v/v) heat-inactivated fetal calf serum, 2 mM
L-glutamine/1% HEPES buﬀer, antibiotics, and nonessential amino
acids in humidiﬁed 5% CO2 atmosphere at 37 °C. HEK cells were
grown in DMEM/Ham’s F12 (1:1 mixture) supplemented with 2 mM
L -glutamine, 10% fetal bovine serum/1% HEPES buﬀer and
nonessential amino acids in humidiﬁed 5% CO2 atmosphere at 37 °C.
Toxicity Test. Toxicity measurements were carried out by
PrestoBlue Cell Viability assay. In short, cells were seeded on a 96
well plate using 100 μL of medium per well for 24 h. Ten microliters
of PEG-SPION (0.376 and 0.392 mg Fe/mL for 6.7 and 8.0 nm PEGSPION respectively) was added and incubated for 24 h. Final PEGSPION concentration 0.0342 and 0.0356 mg Fe/mL, which
correspond to 0.1 and 0.06 μM for 6.7 and 8.0 nm PEG-SPION,
respectively. As control 10 μL of Milli-Q water was added. The
medium containing PEG-SPION was discarded, and 100 μL of fresh
medium with 10% (v/v) Presto Blue was added and incubated for an
hour. Reading was performed using a Tecan inﬁnite F200 plate reader
with an excitation ﬁlter of 560 ± 20 nm and emission ﬁlter 595 ± 35
nm. Background was collected using medium with presto blue 10% (v/
v).
Viability was calculated as

Figure 1. Transmission electron microscopy images of (A) Resovist
dextran-coated iron oxide nanoparticles used as benchmark for the cell
experiments. (B−D) Monodisperse SPION grafted with NDA-PEG
brushes with core size (B) 3.3 nm, (C) 6.7 nm, and (D) 8.0 nm. (E)
Schematic of the core−shell structure of the PEGylated nanoparticles.
traces of solvent. POPC and POPC/POPG vesicles were prepared by
redissolving the lipid in 5 mL of the desired buﬀer to a ﬁnal lipid
concentration of 0.1 mg/mL. Tip sonication on ice was used to
prepare small unilamellar vesicles (SUV).18 Five milliliters of lipid
suspension in buﬀer was placed over ice water and sonicated using a
Branson Soniﬁer 250 at constant duty cycle, and output control 4, for
4 cycles of 5 min each with 1 min breaks. After sonication, the solution
was left over ice to settle and then centrifuged to separate metal
residues from the sonicater tip using a Beckman Coulter optima L100xp ultracentrifuge at 50,000g, 15 °C for 15 min. For FRAP
measurements, 0.5% NBD-PC were added to the lipid before drying,
and then the same protocol was applied.
POPC/DOTAP and DMPC/DMPG large unilamellar vesicles
(LUV) were prepared using extrusion.18 The lyophilized lipids were
redissolved in 1 mL of buﬀer and extruded 9 times at room
temperature through track-etched polycarbonate membranes with 400
nm nominal pore size, followed by 21 times through membranes with
100 nm pore size. The extruded solution was diluted to the desired
lipid concentration (0.1 mg/mL for quartz crystal microbalance and 1
mM for diﬀerential scanning calorimetry). Stock liposome solutions
were stored in the dark at 4 °C and typically used the same day.
PEG-SPION Stock Dispersion Preparation. 2−3 mg of desired
PEGylated SPION were weighted in an Eppendorf tube using a
Sartorius R160P microbalance. The PEG-SPION were dissolved in
Milli-Q water or buﬀer to reach ∼2.5 mg/mL and left overnight. The
dispersion was mixed and sonicated for a few seconds using a
Transsonic T 460 bath sonication. The clear, colored dispersion was
ﬁltered using regenerated cellulose 0.45 μm ﬁlters to remove dust and
remaining small aggregates. The loss of PEG-SPION during the
ﬁltration step was minimal, which was conﬁrmed by performing the
iron content assay described below. Stock dispersions in Milli-Q water
and HEPES were used for longer periods, and dispersions in PBS were

X
× 100%
XC
where X is the average value measured for cells incubated with PEGSPION and XC the average value read for control cells (6 repeats).
Error bars were calculated using standard deviation.
Iron Uptake. HeLa cells were seeded on a 12 well plate with 1 mL
per well and incubated for 24 h. Ten microliters of Milli-Q water or
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Ifinal − It = 0
Ibaseline − It = 0

sample was added and incubated again for 24 h. The diﬀerent samples
containing iron oxide particles (dextran-coated Resovist, 6.7 and 8.0
nm PEGylated core−shell SPION) were each added at a ﬁnal
concentration of 0.01 mg Fe/mL, which corresponds to 0.03 and 0.017
μM for 6.7 and 8.0 nm PEG-SPION, respectively. Each sample had 3
repeats. The medium was collected in an Eppendorf tube, and each
well was washed with 250 μL of PBS that was collected and added to
the medium. 500 μL of 50 mM NaOH was added to each well and
incubated overnight on a shaker at room temperature. 100 μL of lysate
was mixed with 100 μL of 10 mM HCl and 100 μL of releasing agent
(HCl 1.4 M/4.5% KMnO4 1:1 mix and used immediately). The mixed
lysate was incubated at 60 °C for 2 h and thereafter allowed to reach
room temperature. Thirty microliters of detection reagent (6.5 mM
ferrozin, 6.5 mM neocuproin, 2.5 M ammonium acetate, and 1 M
ascorbic acid) was added and incubated for 30 min. Every well had 3
repeats. A 250 μL sample was diluted with 250 μL of Milli-Q water,
and optical absorption was measured at 564 nm. Standard deviations
shown as error bars were calculated for 9 repeats (3 repeating wells
times 3 repeats per well).
To make sure all of the iron inserted in the system was retrieved,
the collected medium was measured as well. 50 μL aliquots of medium
were mixed with 50 μL of 100 mM NaOH, and the iron concentration
determined as for the cell samples.
Calibration curves for calculating the iron content by the assay were
made at the beginning of every measurement day. A series of diﬀerent
Fe concentrations (5−200 μM) were prepared from FeCl3 in 10 mM
HCl. Aliquots of 100 μL of Fe were mixed with 100 μL of 50 mM
NaOH, and then treated and measured as mentioned.
The Bradford method21 for protein quantiﬁcation was used to
normalize the iron content to an estimate of the number of cells. In
short, 10 μL of cell lysate was added to 500 μL of Bradford reagent,
from Sigma-Aldrich, left for 30 min, and optical absorption measured
at 595 nm. 1 mg/mL BSA in 50 mM NaOH (5−20 μg/mL) was used
to calibrate peptide concentration vs absorption. In order to correlate
the concentration of protein to number of cells, fresh cells were
counted using a Life technologies Trypan Blue automated cell counter.
The known concentration of cells was then checked for protein
concentration using the Bradford reagent. A correlation curve was
compiled and used for assessment of cell concentration in each
experiment.
Signiﬁcance of uptake and cytotoxicity measurements were
calculated using analysis of variance (ANOVA) with GraphPad
prism 7 software, where n = 3, **p = 0.0016, ***p = 0.0002, and
****p < 0.0001, with the signiﬁcance indicated by symbols in the
ﬁgures.
Fluorescence Recovery after Photobleaching (FRAP) Measurements. 35 mm glass-bottomed dishes were cleaned using the
following protocol: incubation overnight in Hellmanex 2% followed by
vigorous washing with Milli-Q water to remove residue of detergent.
Dishes that were not used immediately were kept immersed in water
until use. Before use, the dishes were cleaned with 4 M H2SO4 for 30
min and washed with Milli-Q. The hydrophilic glass was kept wet for
the entire process. A drop of liposomes was placed on the glass and
incubated for 30 min. After incubation, the layer was carefully washed
several times with Milli-Q and kept shaking gently to remove unbound
vesicles. The layer was then washed several times with the buﬀer
corresponding to the interaction measurement. One dish remained in
buﬀer for the measurement of FRAP on an undisturbed SLB. A second
SLB sample was incubated for 1 h with 6.7 nm core diameter PEGSPION at a ﬁnal concentration of 0.188 mg Fe/mL, which
corresponds to 0.55 μM PEG-SPION. After incubation, the layer
was washed with buﬀer 3 times, and then FRAP was measured. The
measurements were done using a Leica SP5 DSC-II laser scanning
confocal microscope, with a HC PL APO 10×/0.40 CS, dry, WD, 2.2,
DIC, 15506285 objective. The intensity of the background in four
areas as well as the intensity of the bleached area was integrated. The
intensity of the bleached area was normalized to the average
background intensity. The background intensity of the bleached area
was subtracted. The recovered fraction was calculated using the
following formula:

where Ifinal is the intensity after recovery, It=0 is the intensity of the ﬁrst
data point after bleaching, and Ibaseline is the the average intensity
before bleaching.

RESULTS AND DISSCUSION
Interaction of PEG-SPION with Supported Lipid
Bilayers. QCM-D is commonly used to investigate interactions
of biomolecules and polymers with biomimetic interfaces; it has
successfully been applied to the study of biomimetic membrane
interactions using sensors functionalized with supported lipid
bilayers (SLB). Roughly, a decrease in the sensor resonance
frequency (Δf) is correlated to adsorption of mass to the
interface, and an increase in energy dissipation of the crystal
oscillation correlates with increasing viscous load, e.g., an
increase in the amount of coupled water by extension of the
interface through adsorption of liposomes or nanoparticles.
Because of the high sensitivity to adsorption of extended and
viscous objects, it can be used to investigate and verify the
formation of supported lipid bilayers by liposome adsorption.20,22 The formation of POPC, POPC/POPG (9:1), and
POPC/DOTAP (9:1) supported lipid bilayers from liposomes
was therefore recorded in situ by QCM-D/ and typical kinetics
for formation of SLBs are shown in Figure S2.
Because of the additionally coupled water of adsorbed
nanoparticles (cf. 23), we expect that the QCM-D with a
nominal sensitivity of 0.1 Hz can detect the adsorption of as
few as 0.5−3 SPION per μm2, which compares to ∼500
particles adsorbed per cell. It is therefore highly sensitive and
was used to probe PEGylated core−shell SPION adsorption to
the SLBs. Three diﬀerent core sizes (3.3, 6.7, and 8.0 nm) in
four diﬀerent buﬀers and ionic strengths (Milli-Q water, PBS,
HEPES 10 mM, and HEPES-BS) were tested for adsorption on
zwitterionic, anionic, and cationic SLBs (POPC, POPC/POPG
(9:1), and POPC/DOTAP (9:1)). As the SLBs were formed
on a silicon oxide sensor surface, we additionally investigated
the interaction of PEG-SPION with the bare silicon oxide
sensor substrate.
Figure 2 shows the absolute values of the frequency decrease
observed upon the exposure of the SLB or bare silicon oxide
sensor to PEGylated nanoparticles of the respective core
diameters (A) 3.3 nm, (B) 6.7 nm, and (C) 8.0 nm. Typical
QCM-D kinetic curves of the interaction measurements can be
found in the Supporting Information (Figure S2). A high
amount of PEGylated SPION adsorbs primarily in Milli-Q
water, where the ionic strength is at absolute minimum (Figure
2). In Milli-Q water, PEG-SPION adsorb strongly to the
negatively charged interfaces of bare SiO2 and anionic POPC/
POPG SLB. A low amount of nanoparticles is also observed to
adsorb to the zwitterionic POPC SLB, while no adsorption is
observed to the cationic POPC/DOTAP SLB. PEG-SPION
adsorption to the cationic SLB was never observed regardless of
buﬀer condition or PEG-SPION core size. These results
demonstrate an attractive interaction of the PEGylated SPION
only with negatively charged interfaces and therefore strongly
suggest a low positive zeta potential of the nanoparticles in
water despite the dense PEG-brush shell. The amount of
adsorbed particles is reduced to almost zero when the ion
concentration is increased from deionized to physiological ionic
strength. Indeed, the attractive interaction with all the
negatively charged interfaces is suppressed also in 10 mM
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water is the attraction to the underlying silicon oxide substrate.
Strong vdW adsorption does not take place due to the
hydration shell and entropy of the laterally mobile lipids that
counteract strong adsorption, but weak adsorption directly to
the zwitterionic membrane or to defects in the membrane
cannot be excluded. Given the low number of adsorbing
nanoparticles (estimated as ∼50 per μm2), the latter is a
reasonable possibility for the PEG-SPION that remain
irreversibly adsorbed after rinsing, while the higher amount of
PEG-SPION removed by rinsing might have been trapped on
top of the SLB at a weaker minimum in the DLVO potential.
An interesting observation is that despite having similar, high
grafting densities of the PEG shell, the PEG-SPION with the
largest core have the lowest adsorption and the smallest ones
the highest adsorption, both before and after rinsing. One
should also keep in mind when comparing the QCM-D data
that a lower surface coverage of adsorbed large nanoparticles
than of small nanoparticles is needed to yield the same
frequency shift. Both attractive vdW and double layer
interactions increase with size. The monotonous decrease in
particle adsorption with increasing PEG-SPION core size is
therefore at ﬁrst look surprising. This strongly suggests that the
PEG brush aﬀords better protection against membrane and
surface interactions for the largest, 8.0 nm-core particles. With
similar grafting density and the same PEG molecular weight,
the remaining most plausible explanation for this ﬁnding is that
the diﬀerence in curvature causes a diﬀerence in brush
structure. A nanoparticle with an end-grafted linear polymer
shell can be described as a star polymer with a number of arms
set by the grafting density.24 It therefore shows a radial segment
density proﬁle equivalent to a star polymer. As the core
diameter increases, the surface area increases rapidly, and the
curvature of the particle decreases. This increases the shell
thickness as well as the density of the PEG brush in the outer
parts of the shell since the number of polymer arms eﬀectively
increases at constant grafting density and increasing nanoparticle surface area.24
The decreased adsorption is particularly prominent for 8.0
nm-core PEGylated SPION on the negatively charged
membrane, on which PEG-SPION with small cores adsorb in
Milli-Q water, but the PEG-SPION with the large cores do not
adsorb at all. Similarly, PEG-SPION with small cores show
minor adsorption to silicon oxide also in buﬀer, but there is no
adsorption detected for the small PEG-SPION to the negatively
charged SLB in buﬀer. A higher negative surface potential of
SiO2 than of the POPC/POPG membrane could be the case,
but their zeta potentials are expected to be rather similar.
However, we should additionally consider the diﬀerent
entropies of a solid substrate and a lipid bilayer. Lipids in a
SLB at temperature above its Tm are free to diﬀuse laterally and
show low interaction with, e.g., protein.25 The POPC and
POPG lipids of the SLB have Tm = −4 °C. They therefore have
full mobility in our measurements. Strong binding of PEGSPION to the membrane causes reduction in the free diﬀusion
of all lipids in the contact zone. This restriction is likely to be
stronger for a denser and larger contact interface of the 8.0 nmcore PEG-SPION. The reduction in free movement reduces
entropy and contributes an additional energy penalty to
adsorption.
All results suggest a small positive charge of the NPs
promoting adsorption to the strongly negatively charged SiO2
surface at all ionic strengths and also to negatively charged
membranes in Milli-Q water. A positive charge of core−shell

Figure 2. Absolute values of frequency changes observed by QCM-D
after incubation of the four diﬀerent interfaces with PEG-SPION in
buﬀers of diﬀerent ionic strength (Milli-Q water (0 mM), HEPES (10
mM), HEPES-BS (160 mM), and PBS (160 mM)) and after rinsing.
The panels show the interaction of (A) 3.3 nm, (B) 6.7 nm, and (C)
8.0 nm core size PEG-SPION. The bars represent the diﬀerent
interfaces: blue, SiO2; red, POPC; purple, POPC/POPG; yellow,
POPC/DOTAP (negligible). Error bars are calculated from the
standard deviation of at least 3 measurements for each system.

HEPES buﬀer without additional salt, which implies that a
Debye length of <3 nm is suﬃcient to screen out the attractive
interaction potential minimum to below kBT.
The zwitterionic POPC SLB should not display a net
negative charge that could drive adsorption, but small and
medium core diameter PEG-SPION adsorbed to the POPC
SLB, as shown in Figure 2. This is in particular observed before
rinsing when an excess of loosely associated particles apparently
is present at the membrane interface (Figure S3). That these
particles are removed by rinsing indicates a weak and reversible
attraction. The thickness of the POPC SLB is only ∼5 nm. It is
therefore expected that the SLB provides suﬃcient distance to
screen any charge-driven attractive interaction at physiological
ionic strength (∼160 mM), at which the Debye length is less
than 1 nm. However, in experiments performed in Milli-Q
water, during which the attractive interaction is observed, the
Debye length is hundreds of nanometers, and the potential
drop over the SLB is negligible. The data therefore suggests
that the adsorption observed to the POPC SLB in Milli-Q
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Table 2. Recovered Fraction of Fluorescence in Percent Determined by Fluorescence Recovery after Photobleaching for Each
Combination of Supported Lipid Bilayer and Buﬀer before and after 1 h of Incubation with 6.7 nm Core Diameter PEGylated
SPION
Milli-Q

POPC
POPC/POPG
POPC/
DOTAP

HEPES

HEPES-BS

PBS

before PEGSPION

after PEGSPION

before PEGSPION

after PEGSPION

before PEGSPION

after PEGSPION

before PEGSPION

after PEGSPION

90.2
94.3
93.3

97.4
95.6
97.4

97.1
90.6
69.5

96.4
91.5
63.8

93.5
95.5
93.3

93.7
97.5
93.0

93.1
89.5
66.0

96.8
74.8
68.9

SPION has been suggested in some earlier work.26 The
isoelectric point (IEP) of macroscopic magnetite is ∼6.5, and a
similar value could be assumed for magnetite nanoparticles,
although special care should be taken given the strong
distortion of the interface expected by the binding of the
nitrodopamine anchor group of the polymer shell to iron ions
at the surface. Assuming a similar IEP of our nanoparticles, a
signiﬁcant positive charge is only present in Milli-Q water (pH
≈ 5.5) and not in the physiological buﬀers (pH ≈ 7.4).
However, the QCM-D measurements show an attraction to the
silica substrate in all buﬀers for the small nanoparticles, which
means a signiﬁcant positive surface charge seems present also at
pH 7.4. The exact IEP of the nanoparticles could not be
determined since the minimum ionic concentration required
for measurement of the zeta potential resulted in a Debye
length shorter than the PEG brush used to stabilize the SPION,
and thus, the PEG-SPION appeared uncharged in all
measurements containing ions. It also made it impractical to
study the eﬀect of varying cationic species since no interactions
were measured even at low ionic strength. Monovalent cations
such as Na+ are known to interact strongly with PEG and could
therefore contribute a positive surface charge, but in our
experiments, no PEG-SPION adsorption was observed at high
Na+ concentration. A control using HEPES buﬀer but
exchanging NaCl for CaCl2 also yielded no adsorption (Figure
S4). The negative surface potential of the SiO2 substrate is
virtually unchanged in this range, given an isoelectric point of
∼2.27 We thus conclude that SPION that are densely grafted
with PEG brushes do not interact with lipid membranes in
conditions that are relevant to biomaterials testing; double layer
and van der Waals interactions are screened by the brush, and
an entropic energy penalty is paid by particles adsorbing to
membranes by the restriction on both polymer brush
conformation and on lipid mobility.
Eﬀect of PEG-SPION Exposure on Membrane Integrity. Although the QCM-D experiments showed a negligible
interaction of PEG-SPION with supported lipid bilayers, the
eﬀect on membrane integrity and lipid mobility of exposure of
an SLB to PEG-SPION was also investigated by ﬂuorescence
recovery after photobleaching (FRAP). The mobility of lipids
in a supported lipid bilayer allows lipids to diﬀuse laterally with
a diﬀusion coeﬃcient on the order of 1 μm2/s. Lipids carrying a
ﬂuorophore and bleached with a laser can therefore exchange
with lipids from another part of the membrane to recover the
ﬂuorescence in a bleached area; by this the homogeneity of the
membrane can be assessed. The results of the exposure of
diﬀerent types of membranes to PEG-SPION with 6.7 nm core
diameter are summarized in Table 2. Fluorescence micrographs
and recovery curves related to these results are found in the
Supporting Information (Figures S6−S13). With the exception
of the POPC/POPG membrane in PBS, there was no

signiﬁcant diﬀerence observed in the recovered fraction with
or without PEG-SPION exposure. Since the quality of the SLB
formed in PBS was somewhat lower than that for the other
preparations, it is uncertain if the lower recovery for this sample
is signiﬁcant. Therefore, within the sensitivity of the measurements, we could not conclude any eﬀect of PEG-SPION
exposure on membrane integrity or lipid mobility.
Interaction of PEG-SPION with Liposomes. Liposomes
are more robust and less perturbed model systems than the
SLBs used for FRAP and QCM-D, but surface sensitive
techniques cannot be applied. The interaction of PEGylated
SPION with the diﬀerent lipid membranes was therefore
further probed by diﬀerential scanning calorimetry (DSC). The
inﬂuence of the presence of PEG-SPION on the collective
transition of the membrane from the gel to the liquid phase can
be investigated by mixing liposomes and PEG-SPION. A strong
attractive interaction with the membrane and especially partial
insertion of the PEG-SPION into the membrane results in
distortion of the enthalpy peak associated with the transition.28
The strongest adsorption of PEG-SPION was observed on
the negatively charged POPC/POPG (9:1) SLBs in Milli-Q
water by QCM-D. Figure 3 shows DSC data for a 6.7 nm-core
PEGylated SPION incubated at high concentration with large
unilamellar vesicles of DMPC/DMPG (9:1) in Milli-Q water.
These lipid membranes have the same negative surface charge
density as the POPC/POPG SLB used in the QCM-D
measurements but have a Tm in the experimental range. A
small increase of 0.2 °C in Tm in the presence of PEG-SPION is
observed, but this value is within the error of the experiment.
Thus, PEG-SPION do not signiﬁcantly disturb the lipid
organization of the vesicle membranes even at extremely high
concentration. The interaction can be classiﬁed as very weak,
and the penetration of PEG-SPION into the headgroup region
of the lipid bilayer can be excluded. Additional measurements
to elucidate direct interactions of liposome membranes and
PEG-SPION such as Fö rster resonance energy transfer
(FRET), ﬂuorescence anisotropy, and quenching assays carried
out under similar conditions and described in the Supporting
Information similarly demonstrated the absence of direct
inﬂuence on membrane properties of PEGylated SPION.
These measurements did not detect signiﬁcant membrane
distortion even for anionic membranes in Milli-Q onto which
PEG-SPION adsorption was observed in the QCM-D
measurements.
Cytotoxicity of PEG-SPION. High concentration of
chemical substances, even such as iron oxide and PEG with
low inherent toxicity, can produce toxic responses following the
Paracelsus principle, e.g., by metabolic stress leading to higher
production of radical oxygen species.2 To study SPION
cytotoxicity, we quantiﬁed viability using the commercial
viability reagent PrestoBlue. PrestoBlue is a blue nonﬂuorescent
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Figure 4. Viability of HeLa and HEK cells after 24 h of incubation
with PEG-SPION with core sizes in the range 3−8 nm and densely
grafted brush shells of PEG(5 kDa). Error bars are calculated as the
standard deviation of 6 repeats.

Cell Uptake of PEG-SPION. The lack of cytotoxicity is
helped by the inherent low toxicity of the PEG-SPION
constituents: iron, PEG, and nitrodopamine. However, the
absence of cytotoxicity can also be due to low cell uptake. The
biophysical tests of the diﬀerently sized, PEGylated, and
monodisperse iron oxide nanoparticles showed negligible
membrane interaction under physiological conditions; these
PEG-SPION have in previous work been shown also to have
negligible interaction with serum protein.12b In theory, this
should translate to negligible cell uptake, at least by
nonphagocytic cells. However, we observed an interaction at
low ionic strength with negatively charged membranes
(implying weakly positively charged SPION surface). Cationic
molecules or nanoparticles are known to lead to increased cell
uptake and also cytotoxicity. 34 Furthermore, complete
suppression of nonspeciﬁc uptake is rarely reported or
compared between diﬀerent SPION systems. It is therefore
interesting to directly compare our biophysical test of
membrane and protein interaction as a function of size to the
uptake of the densely and stably grafted PEGylated SPION by
nonphagocytic cells.
Quantitative determination of PEG-SPION uptake was
performed through measurement of the iron content of cells
incubated with PEG-SPION compared to cells that have not
been exposed to PEG-SPION. Both HeLa and HEK were
studied for preferential uptake of the diﬀerently structured
SPION. The average iron concentration in the cells was used to
quantify SPION uptake by measuring the absorbance of
ferrozin-iron pink complex using UV−vis absorption spectroscopy. The amounts of iron taken up by the cells after
incubation with particles of core size 6.7 and 8.0 nm were
compared to blank controls and cells exposed to Resovist.35
Resovist is a previously leading brand of commercially used
SPION contrast agent for magnetic resonance imaging, which
is predominantly applied to the liver and kidney. Resovist is a
multicore SPION covered by a physisorbed dextran shell to
reduce nonspeciﬁc interactions. The small 3.3 nm core PEGSPION have very low magnetization and a much higher organic
fraction and thereby much higher total dispersed mass as well
as number concentration at constant iron concentration than
the other particles. They were therefore omitted from the cell
interaction studies.
The exposure of the cells to PEG-SPION was normalized on
iron content for direct comparison of the uptake of SPION of
diﬀerent design independent of their diﬀerent internal structure
and core size distributions. Each batch of cells was incubated
with ∼0.01 mg Fe/mL which corresponds to 0.051 and 0.030
μM PEG-SPION (calculated using TGA results for PEGylated

Figure 3. Dynamic scanning calorimetry measurements of DMPC/
DMPG 9:1 LUV with (blue line) and without (dashed red line)
incubation with PEG-SPION with 6.7 nm core diameter. The total
enthalpy of the transition is calculated by integrating the area of the
peak. Tm represents the main transition temperature, and T1/2 is
correlated to the cooperativity of the lipids in the transition. The main
peak correlates to the entalphy change from liquid crystal to the gel
phase of the lipid bilayer. The prepeak at 20 °C is a well-known
phenomon for synthetic lipid membranes, which is caused by the
transition into a ripple phase.29

reagent, which is reduced by metabolically active cells to a red
ﬂuorescent compound. The change can be monitored by both
ﬂuorescence and absorbance, and correlated to the number of
live cells. Two diﬀerent types of cell lines were tested: HeLa
(cervical cancer cell line) and HEK (human embryonic kidney
cell line). The HeLa cells represent cancer tissue, which is a
desired cell type to target in clinical diagnostics, and HEK cells
represent the kidney, which is an organ known to strongly ﬁlter
out small nanoparticles and remove them from circulation.30
The eﬀect of SPION on the viability of diﬀerent cell lines has
been studied, and in some cases, a diﬀerent eﬀect was
recorded.31 Therefore, choosing the right cell line for
measurement is of great importance. Since HeLa is a robust
cell line that is relatively insensitive to toxic challenges, we also
investigated the viability of the HEK cell line to exposure to
PEGylated SPION. The liver and kidney are the organs usually
experiencing the biggest exposure to and highest concentration
of nanoparticles when applied in vivo. The toxicity of SPION to
HEK cells is therefore of highest relevance.9d,32
As shown in Figure 4, 24 h incubation of HeLa cells with
PEG-SPION of diﬀerent core size did not yield a signiﬁcant
eﬀect on cell viability. This result is in good agreement with
previous tests of PEGylated SPION with diﬀerent shell size and
density in vitro.9e Exposure of HEK to our PEG-SPION also
did not yield a signiﬁcant change in viability (Figure 4).
Previous studies have shown that small SPION and SPION
with low density polymer shells have higher toxicity than larger
SPION, which in both cases correlated also to increased cell
uptake.31,33 However, our core−shell nanoparticle design for
small PEGylated SPION with very densely grafted shells
translates into no eﬀect on viability for the two relevant cell
lines even at extremely high PEG-SPION exposure.
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The diﬀerence in nonspeciﬁc uptake between the dextrancoated benchmark and the PEGylated core−shell SPION was
even larger for HEK cells. Indeed, while the dextran-coated
Resovist uptake increased for HEK compared to that for HeLa,
the uptake of PEGylated core−shell SPION decreased and was
not statistically diﬀerent from the iron content of the control
sample. The latter result indicates close to complete evasion of
uptake by the kidney cells. This result is important since
nonspeciﬁc uptake of SPION in the kidney can pose a serious
problem both in terms of reducing eﬃciency of targeting and
by causing toxicity.
Interestingly, the average reduced uptake with increasing
PEG-SPION core size correlates with the QCM-D result on the
interaction with SLBs. The insigniﬁcant number of PEGSPION with 8.0 nm core diameter taken up by HEK is even
lower than what can be expected from “cell drinking”, leading
to several measurements with lower iron content of the cells
than in the controls. Several studies indicate the importance of
shell thickness and density for cell recognition.3,31,33b Core−
shell SPION grafted with low MW PEG were rapidly taken up
and showed signiﬁcant toxicity. Nanoparticles grafted at similar
density with PEG of higher MW reduced the uptake to close to
zero. The grafting density of the PEG shell is also important.
The general result is that a higher grafting density of a
hydrophilic polymer shell leads to lower cell uptake.37 Recently,
del Pino et al. in a comprehensive study on Au nanoparticles
with varied core and shell size at constant hydrodynamic size
inferred that low MW PEG shells and the presence of cationic
charge on the particles are the primary determinants of cell
uptake as well as eﬀect on cell function.38 Our PEG-SPION are
smaller than those in the study by del Pino et al., but they
display a change in biophysical interactions despite a smaller
absolute change in core size for close to constant hydrodynamic
size. In this context, our results indicate that for nanoparticles
with constant polymer shell grafting density, the rapid change
of particle curvature with size for small nanoparticles24 can
aﬀect uptake in the same way as increased grafting density.
Lower curvature at constant grafting density increases shell
thickness and density since it leads to lower volume per PEG
chain in the spherical brush.24 To prevent nonspeciﬁc
interactions and cell uptake, the shell should be thick and
dense enough to cover the surface and to mask the surface
charge of the iron oxide core; this is accomplished at a lower
grafting density for lower curvature (larger core size). However,
although this eﬀect was strongly observed in the SLB
interaction measurements, it is only an indication in the cell
uptake measurements; the large error bars resulting from iron
contents close to those of the control samples make the
diﬀerence in uptake between PEGylated SPION with 6.7 nm
core size and 8.0 nm core size insigniﬁcant, although the
averages strongly diﬀer and correlate with the biophysical
interaction measurements. Thus, speculatively, the thinner and
less dense shell indicated for PEG-SPION with 6.7 nm core
diameter compared to the PEG-SPION with 8.0 nm core
diameter seems to lead to the fact that they are recognized
more easily by nonspeciﬁc interactions and taken up by cells.
The hydrodynamic sizes of these PEG-SPION are almost
identical (Table 1) and cannot be expected to inﬂuence cell
uptake. These results are in agreement with previous work
relating the density of the grafted PEG shell for larger
nanoparticles to suppressed protein adsorption and to reduced
cell uptake,3,38 in which the eﬀect of PEGylation was more

core−shell SPION and Resovist) for 24 h. Iron concentrations
of pure particles determined from TGA and the iron
quantiﬁcation assay were found to be in close agreement also
after ﬁltration. As can been seen in Figure 5, a large increase in

Figure 5. Increase in iron content of HeLa and HEK cells after 24 h of
incubation with Resovist and PEGylated SPION with 6.7 and 8.0 nm
core diameter. Error bars are calculated as the standard deviation of 3
wells times 3 repeats per well (total 9 repeats; n = 3, ***p = 0.0002,
and ****p < 0.0001).

iron content in both cell lines was evident after incubation with
Resovist. However, incubation with PEG-SPION with 6.7 nm
core diameter and especially with 8.0 nm core diameter resulted
in very low iron contents of the analyzed cells compared to
controls. The uptake was many times lower than that for
Resovist. The low uptake is even more striking when the
diﬀerent number densities of PEG-SPION are taken into
account. Resovist has an average iron content per particle (as
well as higher average size) due to its enwrapped multicore
structure that is much higher than that for the PEGylated core−
shell SPION (see Figure 1). Uptake of Resovist was therefore
much more pronounced when compared as the fraction of
possible recognition and uptake events. Thus, while small
particles often are reported to be taken up more eﬃciently,33a
in this case our PEG-SPION with hydrodynamic diameters
measured to be in the range 15−20 nm in diameter12b,24b
(Table 1) seem to be inert compared to the larger Resovist.
The highest uptake of PEGylated SPION was observed for
HeLa cells (Figure 5), but the highest measured uptake was 2.5
times lower than that for Resovist, with a signiﬁcance of p =
0.0016 for PEGylated SPION and p = 0.0002 for Resovist
versus the control. This result indicates that the nonspeciﬁc
interactions and uptake of larger multicore SPION with
physisorbed shells by HeLa cells is much stronger than that
for smaller PEGylated core−shell nanoparticles with a dense
and stably grafted polymer brush shell. Dextran has been
reported to provide polymer coatings with excellent low
nonspeciﬁc interactions,36 and it is a widely used material, e.g.,
for separation columns for proteins. Resovist also showed
negligible interaction with supported lipid bilayers both in PBS
and in Milli-Q (Figure S5). We therefore speculate that the
main cause of the diﬀerence in uptake is indeed the deﬁned
small size and dense shell of the PEGylated core−shell SPION.
The observed low nonspeciﬁc uptake agrees with reports on
similar systems.33b However, in these studies a direct
comparison could not be made.
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dramatic on cell uptake than on the suppression of interaction
with protein.3
For both particle sizes the polymer shell density and
thickness is clearly suﬃcient to bring cell uptake to a bare
minimum. Thanks to the strongly correlating properties of
negligible nonspeciﬁc biomolecular interactions, cell uptake,
and cytotoxicity, we can expect these PEG-SPION to have long
circulation times in vivo without detrimental eﬀects. This
creates the possibility to utilize such PEG-SPION, after
bioconjugation of the shell, for targeting of speciﬁc cells and
tissues.
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CONCLUSION
We presented a direct comparison of lipid membrane and cell
interactions of densely PEGylated core−shell SPION as a
function of size. The detailed investigation showed that an
underlying positive surface charge of the iron oxide core could
induce interactions with strongly negatively charged interfaces,
including lipid membranes, even for densely grafted polymer
shells. However, a typical molecular weight of 5 kDa of the
densely grafted PEG comprising the shell is suﬃcient to screen
this interaction at physiological ionic strength. This led to the
absence of any observable PEG-SPION−membrane attraction.
The delicate balance of attractive and repulsive forces on this
size scale was further demonstrated with the trend toward
weaker attractive interactions for PEG-SPION with larger core
diameter and lower curvature, which for similar grafting density
means a denser and more extended PEG brush shell.
This lack of DLVO interaction of PEG-SPION with lipid
membranes, previously demonstrated also with serum
proteins,12b was shown to translate directly into stealth function
in terms of cell recognition and uptake. This negligible uptake
additionally and nonsurprisingly translated into absence of
toxicity in two cell lines. A tentative trend of PEG-SPION with
weaker membrane attraction also having lower cell uptake was
observed. This trend goes counter to the typical rule-of-thumb
that larger nanoparticles are more easily recognized and taken
up by cells; it shows that, at least in the superparamagnetic size
regime, the stronger DLVO (vdW and double layer) attraction
for larger particles can be oﬀset by lower curvature leading to
better steric-osmotic screening of the interaction by grafted
linear polymer shells. In contrast, for nanoparticles physically
enwrapped in dextran that also show no membrane interaction,
but with no control over size or colloidal stability, signiﬁcant
nonspeciﬁc cell uptake was observed. This fact makes sizecontrolled PEGylated core−shell SPION highly attractive for in
vivo applications such as MRI imaging, and drug delivery. The
PEG-SPION are nontoxic and also escape cellular clearance. In
summary, our ﬁndings link the strength of biophysical
interactions and internal core−shell nanoparticle structure to
cell interactions, demonstrating that detailed structuring of the
shell is critical to the future design of advanced SPIONs for
speciﬁc targeting.
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3.2. Paper II: “Model systems for nanoparticle cell interactions:

influence of nanoparticle size and shear flow on uptake, toxicity
and transport through cell barrier layer”
Introduction
In past work, we have investigated some examples of cell uptake and toxicity of
monodisperse iron oxide nanoparticles grafted with dense brush shells of nitrodopaminepoly(ethylene glycol) (PEG).1 Such PEG-SPION in the size range of 3-8 nm iron oxide
core diameter were shown to have negligible uptake and to cause no toxicity in HeLa and
human embryonic kidney (HEK) cells under static conditions. However, although these
are important and commonly used cell lines for model experiments, they are in many
cases not suitable to predict toxicity for other cell lines.2 Compared to cell lines introduced
more recently and in particular compared to primary cell lines, they seem less sensitive
and therefore also a poor guide to toxicity in vivo. To improve predictions, it is worthwhile
to explore toxicity for a large variety of cell lines that are prototypes for cells that could be
exposed to nanoparticles in vivo, and thereby to compile as large and varied data sets as
possible.3 Although the PEG-SPION used in this study have not yet been tested in animal
models, it is well known that polymer coated nanoparticles, despite having so-called
stealth coating, seem to be easily recognized by the immune system and cleared in a
size-dependent manned in the liver, spleen and kidney. 4,5 Avoiding uptake by
macrophages and liver cells is obligatory to improve circulation time. Additionally, to target
tissue, nanoparticles must penetrate through the epithelial barrier surrounding blood
vessels, but for most applications cancer tissue is targeted, in which case the
nanoparticles should not penetrate healthy epithelial layers with tight junctions, but take
advantage of the enhanced permeation and retention effect of leaky, non-tight cell
junctions, in the blood vessel walls of many cancer tissues. 6,7 It is also considered
important to understand whether designed nanoparticles can pass internal barriers to
foreign bodies, where the blood-brain barrier is the most important one. The blood brain
barrier is the first line of defense to stop antigen to pass from the blood to the brain and
extracellular fluid in the central nervous system.8 The blood brain barrier is comprised of
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a semipermeable membrane of endothelial cells. Thus, a greater understanding of how,
when and which nanoparticles are transported through internal barriers is of utmost
importance, for which first testing on safe in vitro models is preferred.9
Testing the uptake and response of macrophages to the SPION is an important first
step to understand their ability to evade or affect the immune system. Macrophages are
usually the first line of defense of the body to detect and clear foreign bodies and antigens.
RAW 264.7 macrophages are mouse monocyte phagocytes from blood and are thereby
representative of the first line of cells that would meet and clear nanoparticles circulating
in the blood stream. Similarly, since many nanaopatrticles are rapidly cleared by the liver,
which specifically has been shown for clinically used SPION contrast agents such as
Ferucarbotran,10 it is logical to include models of liver tissue cells. The cells in the liver
will be exposed to a high load of nanoparticles unless circulation times of new generations
of core-shell SPION contrast agents are orders of magnitude better than the current stateof-the-art. Macrophages in the liver will thus be responsible for breaking down and
clearing most of these nanoparticles for secretion. Cultured Kuppfer cells, which are liver
macrophages, are therefore useful to add as a model for the cells that clear nanoparticles
in the liver.11
Nanoparticles are also a load on endothelial and epithelial cell layers9 of organs and it
is important to find models that can be used to estimate the effect on such cell layers that
are particularly exposed in blood vessels and in the liver, as well as to obtain model
measurements for their function as barriers to prevent nanoparticles from penetrating
farther into tissue.12 Human umbilical vein endothelial cells (HUVEC) are often used
models for the response of blood vessels to substances. HUVEC cells cultured in vitro
can also mimic the blood brain barrier (BBB), since they grow as a confluent layer also in
vitro. Grown on a permeable membrane support they should prevent the pass of
molecules through the layer if no damage is caused to the cells or the intercellular junction
and such trans-layer diffusion can be quantitatively measured. Confluent HUVEC layers
grown on permeable supports are therefore used as a model for the blood brain barrier.13–
17

Both toxicity and the ability to diffuse past the cell barrier layer can thus be tested using

HUVEC. Similarly, Hep G2 liver tumor cells have an epithelial character and can be used
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as a model for the epithelium in the liver to study the effect of the high nanoparticle load
expected there.
All these cell lines are more specific and sensitive models to test SPION in vitro than
those used previously. Thus, they can be expected to model systems that nanoparticles
would encounter in vivo after being injected intravenously better and to be more predictive
of the in vivo response. They should therefore bring us one step closer to predicting the
fate and impact of well-controlled PEG-SPION in vivo.
Standard assays for viability and uptake are performed under static conditions, e.g. in
a multi-well plate, but these conditions poorly represent the situation in vivo where
convection of liquid is constant and in some cases, such as in the blood vessels, reach
high flow rates. An important feature of the combination of flow and the small dimensions
of, e.g., blood vessels is that significant shear stress results on cells in that flow. It has
been shown that some cells, mainly macrophages that are placed in blood vessels and
are exposed to flow, show different activity than under conditions where no flow is present.
It is a reasonable assumption that the main difference in the physical environment causing
this is the shear stress exerted by the flow on the cells. Many studies of the effect of shear
stress on cells over the last decades show that shear stress affects the behavior and
morphology of cells in general18–20 and cellular uptake in particular21–27. Still, few studies
exist that investigate whether nanoparticle uptake is also affected by shear flow/stress
and such studies are completely missing for PEGylated core-shell nanoparticles such as
our PEG-SPION. As described, RAW cells are macrophages present in blood vessels
and they are therefore constantly subject to shear flow and stress. In vitro, RAW cells
adhere to the surface on which they are cultured to create a monolayer and in vivo they
are found spread over the blood vessels. This cell line is therefore also a suitable
candidate to investigate the influence of shear stress on nanoparticle uptake by
macrophages.
In this work, we use the cell lines described above to study uptake and toxicity of
superparamagnetic iron oxide nanoparticles of several different core sizes between 3 and
8 nm that have been grafted with dense spherical brushes of PEG (5 kDa). These
nanoparticles are very monodisperse and have been investigated carefully and
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extensively for their physical-chemical properties in several previous publications, which
makes it possible to trace performance in vitro directly to designed nanoparticle
properties. Given how important it is to know whether nanoparticles can cross, e.g., the
blood-brain barrier we also investigate if this is likely to occur for small PEG-brush
stabilized nanoparticles using an endothelial cell sheet barrier model. Finally, we study
the effect of shear flow on uptake of PEG-brush coated nanoparticles by macrophages
as another relevant but overlooked parameter that possibly can influence uptake and that
differs between standard assays and in vivo conditions.

Materials and methods
Materials: RAW 264.7 Cell Line Murine were purchased from ECACC. Human
Umbilical Vein Endothelial Cells (HUVEC) pooled, Endothelial Cell Growth Medium and
DetachKit were purchased from Promocell- Biomedica. Kupffer cells were purchased
from Gibco, Human liver cancer cell HepG2 were purchased from Thermo Fisher
Scientific. Corning® Transwell® permeable support, 5.5 mm insert, 24 well plate, 0.4 µm
polyester, tissue culture treated membranes were purchased from sigma Aldrich. All other
cell media and supplements were purchased from Sigma Aldrich. Iron(0)pentacarbonyl
(99.99% trace metal basis), oleic acid (≥93% technical grade), dioctyl ether (>99%),
dopamine hydrochloride (≥98%), sulfuric acid (95-98%), sodium nitrite (≥99%), 4-Methylmorpholine

(99%

ReagentPlus),

(1-Cyano-2-ethoxy-2-oxoethylidenaminooxy)-

dimethylamino-morpholino-carbenium hexafluorophosphate (COMU, 97%), hydrochloric
acid (37% ACS reagent), EtOH (>96% technical grade), DMF (>99.9% ACS reagent),
CHCl3 (≥99.5% containing 100-200 ppm amylenes as stabilizer), n-hexane (≥9%
chromasolv plus for HPLC) and petroleum ether (30-50 °𝐶 bp, p.a.) were obtained from

Carl Roth. Methoxy-PEG acetic acid (MeO-PEG-COOH, Mw 5000) was purchasdef from
JenKem Technology. The ibiTtreat 6 channel μ-Slide VI 0.4 were purchased from ibidi.
Synthesis of superparamagnetic iron oxide nanoparticles:
Densely poly(ethylene glycol) grafted, monodisperse superparamagnetic iron oxide
nanoparticles (PEG-SPION) were synthesized and purified as previously described.28 In
brief, first oleic acid-capped iron oxide cores were synthesized by thermal decomposition
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of an iron precursor according to a slightly modified heat-up procedure described first by
Hyeon et al.29 Briefly, a mixture of dioctylether (Oct2O) and oleic acid (OA) was heated to
100 °C under N2. Fe(CO)5 was injected rapidly and the reaction mixture was heated to
290 °C with a temperature ramp of 3 K/min. After aging for 1 h the NP dispersion was
allowed to cool to RT and precipitated thrice with EtOH. The size was controlled by the
Fe(CO)5 : OA ratio; Three different core sizes were selected to cover the most common
superparamagnetic size range of 3-8 nm in diameter as described in Table 1.
Table 1. Size and grafting density of PEG(5 kDa)-grafted superparamagnetic iron oxide
nanoparticles (PEG-SPION).
Grafting density
Core size [nm]

Hydrodynamic diameter [nm]
[NDA-PEG/nm2]

3.3 ± 0.4

0.7 ± 0.1

17 ± 1

6.7 ± 0.5

0.6 ± 0.1

16 ± 1

8.0 ± 0.3

1.0 ± 0.1

20 ± 3

To ensure stably grafted PEG shells, PEG (5 kDa) was anchored to the surface of the
iron oxide nanoparticles by nitrodopamide anchors,30 following a ligand replacement
procedure described in Lassenberger et al.28 6-nitrodopamine-hemisulfate (NDA-HSO4)
was synthesized according to literature with slight modifications.31 NDA-PEG(5 kDa) was
synthesized by COMU-mediated peptide-coupling reactions.32 Ligand replacement took
place in 10-fold excess (with respect to the expected grafting density, e.g., 3.0 g NDAPEG (5 kDa) for 3.3 nm NPs, 2.0 g for 6.7 nm NPs and 1.8 g for 8.0 nm NPs). NDA-PEG
(5 kDa) was dissolved in DMF and mixed with 1.2 g of the respective OA-SPION.
Typically, 1.2 g NPs were dispersed in 30 mL DMF and the desired amount of NDA-PEG
(5 kDa). The dispersion was sonicated for 26 h at 35 °C. Subsequently, the mixture was
extracted thrice with n-hexane (30 mL each) to remove released oleic acid. Afterwards
the solvent was evaporated; the NPs were lyophilized for 24 h and purified from excess
ligand by magnetic decantation.28 All NPs were characterized by transmission electron
microscopy (TEM), thermogravimetry analysis (TGA), infra-red spectroscopy (IR) and
dynamic light scattering (DLS) as reported elsewhere.28 A summary of nanoparticle core
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sizes determined by TEM, hydrodynamic sizes determined by DLS and of PEG grafting
density resulting from analysis of TEM and TGA data is found in Table 1.
Cell growth:
HUVEC cells were grown in Endothelial Cell Growth Medium supplemented with serum
in humidified 5% CO2 atmosphere at 37 C. The cells were seeded on tissue cultured
treated 75 cm2 flasks, after coating with 1% gel on the flask bottom, to improve cells
growth and adhesion.
RAW 264.7 cells were grown in DMEM high glucose medium supplemented with 10%
(𝑣/𝑣) heat-inactivated fetal calf serum, 2 mM L-glutamine +1 % penicillin-streptomycin in
a humidified 5% CO2 atmosphere at 37 °C.
HEP G2 cells were grown in EMEM medium supplemented with 10% (𝑣/𝑣) heatinactivated fetal bovine serum, 2 mM L-glutamine +1% penicillin-streptomycin and nonessential amino acid in a humidified 5% CO2 atmosphere at 37 C.
Kupffer cells were seeded on the measurement plats immediately after thawing, using
DMEM medium supplemented with heat-inactivated fetal bovine serum 5% (𝑣/𝑣), and
3.6% (𝑣/𝑣) of a cocktail solution of fetal bovine serum (FBS), penicillin-streptomycin,
human recombinant insulin, GlutaMAX™-I supplement, and HEPES. After seeding, the
cells were grown in a humidified 5% CO2 atmosphere at 37 C. The medium was changed
5 h after thawing to the growth medium RPMI 1640 GlutaMAX™-I supplement and
HEPES (Cat. no. 72400), and supplemented with 10% (𝑣/𝑣) FBS and 1% (𝑣/𝑣) penicillinstreptomycin. Fresh medium was added once per day until starting the experiment after
2 days.
Iron uptake:
Cells were seeded on a 12-well plate with 1 mL per well and incubated for 24 h. 10 µL
of Milli-Q water or sample were added and incubated again for 24 h. The different samples
containing iron oxide particles (dextran-coated Resovist®, 3,3, 6.7 and 8.0 nm PEGSPION) were each added at a final concentration of 0.01 mg Fe/mL, which corresponds
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to a particle concentration of ~0.43, ~0.051 µM and ~ 0.03 µM for 3.3, 6.7 and 8.0 nm
PEG-SPION respectively. Each sample was measured with at least 3 repeats. The
medium was collected in an Eppendorf tube, and each well was washed with 250 µL PBS
that was collected and added to the medium. 500 µL NaOH 50 mM was added to each
well, and incubated overnight on the shaker at room temperature. 100 µL of lysate was
mixed with 100 µL HCl 10 mM and 100 µL releasing agent (HCl 1.4 M / 4.5% KMnO4 1:1
mixed and used immediately). The mixed lysate was incubated at 60 °C for 2 h and
thereafter allowed to reach room temperature. 30 µL detection reagent (6.5 mM Ferrozin,
6.5 mM Neocuproin, 2.5 M ammoniumacetat, 1 M ascorbic acid) was added and
incubated for 30 min. Every well had 3 repeats. 250 µL sample was diluted in 250 µL MilliQ water and optical absorption was measured at 564 nm. Standard deviations shown as
error bars were calculated for 9 repeats (3 repeating wells times 3 repeats per well).
To make sure retrieval of all iron inserted in the system, the collected medium was
measured as well. 50 µL aliquots of medium were mixed with 50 µL NaOH 100 mM, and
the iron concentration determined as for the cell samples.
Calibration curves for calculating the iron content by the assay were made at the
beginning of every measurement day. A series of different Fe concentrations (5-200 µM)
were prepared from FeCl3 in 10 mM HCl. Aliquots of 100 µL Fe were mixed with 100 µL
NaOH 50 mM, and then treated and measured as mentioned.
The Bradford method33 for protein quantification was used to normalize the iron content
to estimate the number of cells. In short, 10 µL of cell lysate were added to 500 µL
Bradford reagent, from Sigma Aldrich, left for 30 min incubation, then the optical
absorption was measured at 595 nm. BSA 1 mg/mL in 50 mM NaOH 5-20 µg/mL was
used to calibrate peptide concentration vs. absorption. To correlate the concentration of
protein to number of cells, fresh cells were counted using a Life technologies Trypan Blue
automated cell counter. The known concentration of cells was then checked for protein
concentration using the Bradford reagent. A correlation curve was compiled and used for
assessment of cell concentration in each experiment.
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Significance of uptake and cytotoxicity measurements were calculated using analysis
of variance (ANOVA), and t-test for 2 components, with GraphPad prism 6 software. The
calculated significance is indicated by symbols in the figures.
Toxicity:
Toxicity measurements were carried out by the PrestoBlue® Cell Viability assay. In
short, cells were seeded on a 96-well plate using 100 µL medium per well for 24 h. 10 µL
PEG-SPION (1 mg Fe/mL) were added and incubated for 24 h, yielding a final PEGSPION concentration of 0.1 mg Fe/mL, which corresponds to ~4.3, ~0.51 and ~0.3 µM
for 3.3, 6.7 and 8.0 nm PEG-SPION respectively. 10 µL Milli-Q water were added to the
control samples. The medium containing PEG-SPION was discarded and 100 µL fresh
medium with 10 % (𝑣/𝑣) Presto Blue was added and incubated for an hour. Reading was
performed using a Tecan infinite F200 plate reader with excitation filter 560 ± 20 nm and
emission filter 595 ± 35 nm. Background was collected using medium with Presto Blue
10 % (𝑣/𝑣).
Viability was calculated as:
𝑋
∗
𝑋𝑐

%

where 𝑋 is the average value measured for cells incubated with PEG-SPION and 𝑋𝑐

the average value read for control cells (6 repeats). Error bars were calculated using
standard deviation.
Barrier experiment:

HUVEC cells were seeded on a pre-coated (1% gelatin) Transwell filter membrane at
a density of 1×105 cells/cm2 and left to incubate for 24 h. 3 wells were not seeded and
used as positive control for the permeability. Every sample had 3 repeats. After 24 h the
medium from both the bottom well and top of the filter was changed to a fresh pre-warmed
medium, and 10 µL of sample were exchanged from the top of the filter (keeping the final
volume as 100 µL in the top, and 600 µL in the bottom well). The final sample
concentration was 0.1 mg/mL Fe in the top well. The cells were incubated with the sample
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for 24 h. The medium was changed again after 24 h and the medium at the bottom was
collected to check for the amount of Fe that crossed the membrane (using the ferrozine
method described for the iron uptake assay). 90 µL medium + 10 µL BSA-FITC
conjugated at a final concentration of 0.5 mg/mL was added to the top well and incubated
for 3 h. After incubation, the bottom medium was collected to a 96-well plate, and
absorbance was measured at 495 nm using a plate reader. For every measurement, a
concentration curve of BSA-FITC was made (0, 0.156, 3.125, 6.25, 12.5, 25, 50, 100
µg/mL in medium). The resulting calibration curve was used to determine the BSA-FITC
concentration that crossed the cell barrier.
Shear flow stress experiment using shaker:
RAW 264.7 cells were seeded on two 6-well plates and incubated for 24 hours. After
24 h, the medium was changed to fresh medium (2 mL) with 20 µL sample for a final
concentration of 0.01 mg/mL Fe. In each experiment, one plate was incubated on a
shaker at 60 RPM and another kept still. Both plates were incubated for 5 h. After 5 h, the
medium was collected, and 1 mL NaOH was added, then the iron amount was measured
using the iron uptake assay described above. All experiments were performed in triplicate.
Microscopy images of HUVEC:
HUVEC cells were grown in 1 mL medium on a confocal glass bottom dishes, until a
confluent layer was observed after 48h. 100 µL of sample was added for a final
concentration of 0.1 mg/mL Fe were added, and left to incubate. After 24 h, the layer was
fixed and microscopy images were taken using a Nikon Eclipse TE2000-S (Nikon,
Austria) fluorescence microscope with an Hg vapor lamp. The microscope was equipped
with a black/white Nikon digital sight DS-Qi1MC camera and the NIS-Elements imaging
software. A x10 objective was used.
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Results
In our previously reported work, we have examined the surface and colloidal
properties, as well as membrane, protein and cell interaction of PEG-grafted core-shell
SPION with different core sizes identical to those in this study. We found that there is an
underlying positive charge of the core that is screened by the PEG-brush at physiological
ionic strength.1 While colloidal interactions with serum protein and membrane were too
weak and limited to be measured by colloidal bulk methods such as DSC and DLS,1
additional isothermal titration calorimetry (ITC) measurements recently showed that the
particles on average weakly bind 1 protein per particle.34 Although some interaction with
serum proteins thus has been demonstrated, the absence of an extensive protein corona
apparently is sufficient to suppress nonspecific cell uptake by HeLa and human
embryonic kidney cells (HEK),1,35 which was also demonstrated. While these
measurements are a first step to screen the biocompatibility of these materials and to link
them to core-shell nanoparticle properties and design, it is clear that a more sensitive in
vitro measurement with higher sensitivity and specificity is needed to predict the effect of
the particles on in vivo cells and tissue realistically.
Iron Uptake
Most SPION used in the past demonstrated short circulation times and were cleared
rapidly by the immune system.36 To improve circulation time, avoiding uptake by
macrophages and liver cells is obligatory. In this respect, RAW cells are an interesting
cell line, as they are part of the system responsible for clearing blood from nanoparticles
in circulation. Since many nanoparticles are rapidly cleared by the liver, which specifically
has been shown for clinically used SPION contrast agents such as Ferucarbotran, we
also used liver tissue cells. Hep G2 liver tumor cells were used as a model for the
epithelium in the liver and Kuppfer cells, which are liver macrophages, were used as a
model for the cells that clear nanoparticles in the liver. For completeness also HUVEC
were tested. We measured the uptake of PEG-SPION using the Ferrozin test after
treatment that would dissolve the nanoparticles. The Ferrozin test gives a quantitative
measure of iron ions in the cell lysate. Cells include a high amount of iron even without
exposure to SPION, but the assay is sufficiently sensitive and accurate to determine also
63

small increases in iron content on top of this background. These tests were performed on
all cell lines at 0.01 mg/mL Fe. The Fe concentration was kept constant to enable direct
comparisons between the different cores in terms of inorganic load on the cells, but it
should be noted that the molarity of particles is significantly higher for the smaller particles
and the PEG concentration also increases with smaller core size of the samples. As
comparison, a Ferucarbotran contrast agent was also tested for HUVEC, since this is a
benchmark for commercially used SPION contrast agents. As observed in Figure 1, none
of the cell lines showed significant uptake of particles after incubation for 24 h. In all cases,
the low additional amounts of iron is compatible with pure cell drinking by the cells that is
exchange of liquid with the surrounding which contains PEG-SPION at a very high
concentration. The case for that the PEG-SPION are not recognized and actively taken
up by the cells is strengthened by the large difference observed compared to the
Ferucarbotran control for HUVEC. The latter shows significantly higher uptake, which
likely is due to aggregation and endocytic uptake of larger nanoparticles even when they
are coated by a supposed stealth coating such as dextran.1,34,37 There was no statistically
verifiable dependence on nanoparticle core size observed. For HUVEC, the largest, 8.0
nm core SPION, were taken up more than the slightly smaller cores, but also this result
is not statistically significant.
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Figure 1: Increase in iron content after 24 h incubation of A) HUVEC cells with Ferucarbotran and
PEGylated SPION with 6.7 nm and 8.0 nm core diameter, B) Raw cells and C) Hep G2 cells with PEGSPION of 3 different core sizes and D) Kuppfer cells with PEG-SPION with 3.3 nm and 8.0 nm core
diameter. Error bars are calculated as standard deviation of at least 3 wells × 3 reads per well Error bars
are calculated as standard deviation of 3 wells* reads per well (total 9 repeats; n = 3, *p=0.0217,
**p=0.0031)

Toxicity
Low uptake of SPION as demonstrated in Figure 1 should logically lead to low toxicity,
as the components of the SPION have low inherent toxicity. Previous toxicity studies also
showed negligible toxicity of these particles and for PEG and iron oxide nanoparticles
generally.1,38–41 However, it has been shown that PEGylated biologicals can show
different and increased toxicity compared to the same biological without PEG.4,42–44
Viability measurements were therefore performed on two of the cell lines used in the
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uptake study that were interesting for specialized testing of permeation through blood
barriers and shear-flow induced uptake: HUVEC and RAW.
The cell viability in the presence of PEG-SPION was measured using the PrestoBlue®
reagent method. HUVEC was incubated with PEG-SPION of three different inorganic core
sizes and RAW was incubated with PEG-SPION having 8.0 nm inorganic cores for 24 h
at a concentration of 0.1 mg/mL Fe. The resulting viabilities measured for the respective
samples are shown in Figure 2 as averages and standard deviations calculated from at
least 6 repeats. The viability percentage is calculated as the ratio of viable cells exposed
to PEG-SPION compered to control cells incubated with Milli-Q added instead of sample.
As can been seen in Figure 2, both cells line shows no mortality in any of the cases. This
result is in perfect agreement with the negligible toxicity found for these PEG-SPION on
HeLa and HEK cell lines.

Figure 2: Toxicity results after 24 h incubation with 0.1 mg/mL Fe PEG-SPION for A) HUVEC cells with
3.3, 6.7 and 8.0 nm iron oxide core size and B) RAW cells with 8.0 nm iron oxide core size.

Barrier experiment:
Taking model in vitro experiments one step further, we wanted to find out if the PEGSPION as models for small and colloidally stable hydrophilic core-shell nanoparticles
could pass through the blood brain barrier. To test this, HUVEC were cultured into a
confluent layer on top of a Transwell filter membrane at a density of 1×10 5 cells/cm2 and
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incubated with sample for 24 h. To illustrate the confluency of a layer of HUVEC grown
under these conditions, they were also grown on confocal dishes and then incubated with
PEG-SPION for additionally 24 h. The layers were fixed after incubation and bright field
images of each layer were taken, examples of which are shown in Figure 3. All images
indicate that confluent layers formed and that incubation with PEG-SPION had no effect
on cell and cell layer morphology.

Figure 3: Bright field microscope images of HUVEC layer after 24 h incubation with A) Milli-Q, B) 6.7 nm
core PEG-SPION and C) 8.0 nm core PEG-SPION. Scale bars correspond to 100 µm.

In order to get a quantitative result for the diffusion of nanoparticles and proteins
through the cell layer and whether it is affected by exposure to nanoparticles, a Transwell
experiment was carried out.12,45–48 In the experiment, HUVEC cells are cultured in growth
medium on a porous filter membrane in a Transwell plate as described above until
confluency is attained. The membrane separates an upper chamber from a bottom well.
After confluency is attained, PEG-SPION are introduced to the upper chamber and
incubated for 24 h. Two different types of measurements are performed after incubation.
First, the amount of iron in the bottom well is measured to see if PEG-SPION have passed
through the membrane. Second, the integrity of the layer after incubation with the particles
is measured by an albumin permeability assay to assess whether the exposure to PEGSPION caused loss of cohesion in the layer that could not be noticed by the microscopic
inspection in Figure 3. Albumin conjugated with the dye FITC is added to the top chamber,
and incubated for ~3 h. The amount of albumin-FITC in the bottom well is measured on
a UV-Vis plate reader and compered to the amount passing the porous membrane without
a cell layer. A comparison to this control is required because the diffusion rate is low even
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without a cell layer, i.e. in 3 h only 8 % of the total amount of albumin-FITC added to the
upper well (which corresponds to 1.5 % of the concentration at the top) will have passed
through the membrane despite the six times larger volume in the bottom well. If the layer
is completely confluent, no albumin should pass. In Figure 4a we can see that no albumin
passed for cell layers exposed to the two sizes of PEG-SPION.

Figure 4: Amount of materials crossing the HUVEC layer in the Transwell membrane experiment. A)
Amount of Albumin measured at the bottom well after 3 h incubation. The error bars are calculated from 3
repeats per sample and from 3 readings per well. ** p<0.0017, *** p=0.001. B) Amount of iron measured at
the bottom well after 24 h incubation with PEG-SPION. Same measurement settings as in A) were used.
**p<0.002, *** p<0.0003

However, the iron quantification assay shows that some iron can be found in the bottom
well (Figure 4B), although the concentration of iron found in the bottom well is very small
at <2% of the total iron added or <0.3% of the concentration in the top well. In these
experiments ten times higher concentration of PEG-SPION was used than in the uptake
experiment. However, in the uptake experiments (Figure 1A) we observed that passive
cell drinking by the HUVEC resulted in an increased intracellular iron concentration
already at the concentration used for the uptake assay. The passive uptake is likely to be
proportionally higher at the even higher concentration used in the Transwell experiments.
Particles are digested and metabolized by the cells, which will lead to an increase in iron
ions that can be released by the cell. We found no strong coloration of the supernatant in
the bottom well, which would have been expected if nanoparticles are present. Also, the
nanoparticles are effectively larger, although more compressible, than albumin and with
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a lower diffusion rate through the Transwell membrane. Since albumin-FITC did not pass
through the same cell layers, we interpret these combined findings as that excess iron
ions from digested nanoparticles were observed in the bottom well and not nanoparticles.
Effect of shear flow
Finally, the effect of shear flow on uptake of nanoparticles by macrophages was
investigated on cultures of RAW cells. Since confluent monolayers of RAW can show
different activity than cells in non-confluent layers, two surface densities of cells were
measured: a confluent layer and a lower cell density corresponding to 50% of a confluent
layer. The effect of confluent or sub-monolayer coverage is most likely larger in flow, since
the flow pattern and shear on single cells should differ significantly to that on a complete
monolayer presenting a relatively smooth surface to the flowing bulk liquid. In both cases,
RAW cells were grown on two 6-well plates. For each plate, three wells were incubated
with PEG- SPION having a core diameter of 8.0 nm and three were incubated with a
sample volume of Milli-Q instead of nanoparticles added to the culture medium as control.
Both plates were put in an incubator at 37 C. One plate was incubated at static conditions
and the other plate was incubated on a shaker with 60 RPM for 5 h. PEG-SPION uptake
was measured by the Ferrozin assay compared to the controls without nanoparticles on
the same plate. The addition of shear flow stress did not significantly change the uptake
of the particles if the RAW layer was confluent compared to under static conditions, as
can been seen in Figure 5A. This situation, however, does not reflect the cell density or
distribution of RAW on the blood vessel wall, where they are more distributed. Figure 5B
shows that there is a small increase in PEG-SPION uptake when the test was performed
under static conditions compared to in shear flow. Although the difference passed a test
of statistical significance, the significance is low and there is no expected rationale for
why a higher uptake should be expected of well-dispersed nanoparticles under static
conditions than in flow.
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Figure 5: Iron uptake with and without shear flow induced on a shaker for RAW cell layers incubated for 5
h with PEG-SPION having 8.0 nm core diameter for A) confluent RAW cell layer and B) 50% cell density
of a confluent layer. Error bars are calculated as standard deviation of 3 wells with 3 reads per well (total 9
repeats; n = 3, * p<0.05

Conclusions
Our findings presented in this work demonstrate that monodisperse SPION with
densely grafted PEG brushes not only show long term stability in biological media, but
that for a large range of different relevant cell lines are hardly taken up and therefore nontoxic. This includes being rarely taken up by macrophages and liver cells. The results
showed no significant dependence on size or particle curvature, as suggest in colloidal
interactions with proteins and membranes1,34. The lack of negative impact on viability
could be extended to no effect on cell endothelial cell layer viability and morphology. It
seems that without damage caused in other ways, also PEG-stabilized nanoparticles with
hydrodynamic diameters < 20 nm do not pass through endothelial cell barriers, but that
digested particles taken up by cells through cell drinking can pass on inorganic ions to
the other side of the barrier. Addition of shear flow also did not change the particle
stability, nor the cell uptake.
So far, most SPION used in vivo were usually rapidly cleared by the renal system, and
had short blood circulation time, which reduced their efficiency. Our finding so far for the
monodisperse, single-crystalline SPION, grafted with a dense PEG shell, show great
promise for higher stability, especially in comparison to the commercial particles already
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in use today. Further testing is needed to verify that the splendid performance in vitro is
a reliable guide to in vivo performance, but our extension of in vitro testing to more native
conditions and cell lines makes it more likely that in vivo applications can be realized.
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Motivation of and contribution to study:
So-called stealth nanoparticles have been the focus of nanomaterials for biomedical
applications. One of the main methods to achieve said stealth is by coating the
nanoparticle, e.g. an inorganic core, with a lipid or biocompatible polymer shell to obtain
a multifunctional core-shell structure. Stealth-designed iron oxide nanoparticles have
gained increasing interest in biotechnology and biomedicine for separation, drug delivery
and imaging techniques due to their low cytotoxicity and superparamagnetic properties.
However, to achieve better control over the colloidal stability of nanoparticles and to
improve their in vivo biodistribution, a better understanding of the interactions and forces
between the particles and biological molecules is still needed. Recent literature has
indicated that polymer brush coatings traditionally regarded as providing stealth
properties might still show significant interactions with proteins at high concentration in
biological media. Our previous studies, notably Paper I, have shown that our polymer
brush grafted nanoparticle indeed possess stealth properties and seem devoid of
interactions with serum proteins and lipid bilayers when investigated by colloidal
techniques. However, direct measurements of the thermodynamic parameters of
dispersions of such particles and proteins have not been reported. Clarifying the
energetics of such potential interactions and their dependence on nanoparticle
composition and architecture can help provide better tools to design stable nanoparticles
for specific biological targeting.
Isothermal titration calorimetry (ITC) is a very sensitive method, which can measure
the real-time interaction between core-shell SPION and proteins. An ITC measurement
provides the thermodynamic parameters of the interaction, even in the nanomolar
concentration regime. While commonly applied to measure the energetics of proteinprotein and enzymatic interactions, it has rarely been applied to study nanoparticleprotein interactions and never before to designed core-shell nanoparticles optimized with
a stealth coating. While ITC in principle is suited to study also nanoparticle-protein
interactions, the large size and volume of nanoparticles compared to proteins and smaller
molecules make such measurements more challenging to perform properly and with
precision.
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In this study we investigated the applicability of temperature dependent ITC to
nanoparticle interaction measurements and tested the interaction of a range of polymer
brush coated SPION with albumin and serum. From these measurements we calculated
the thermodynamics parameters controlling the interaction. Interestingly, all particles
showed clear exothermic interactions with a low number of proteins per particle, even
though they all showed long term colloidal stability in physiological media, extremely low
cell uptake and cytotoxicity in previous studies. These results led us to conclude that while
creating a complete “stealth” core-shell particle might not be possible, protein adsorption
on the particle can be limited to soft adsorption that does not lead to a complete protein
corona, and which does not affect the stability of the particles even in demanding
physiological and biological conditions.
My contribution to this work was designing, executing and analyzing all of the
experiment, as well as co-writing the paper.
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ABSTRACT: Core−shell nanoparticles receive much attention for their
current and potential applications in life sciences. Commonly, a dense
shell of hydrated polymer, a polymer brush, is grafted to improve
colloidal stability of functional nanoparticles and to prevent protein
adsorption, aggregation, cell recognition, and uptake. Until recently, it
was widely assumed that a polymer brush shell indeed prevents strong
association of proteins and that this leads to their superior “stealth”
properties in vitro and in vivo. We show using T-dependent isothermal
titration calorimetry on well-characterized monodisperse superparamagnetic iron oxide nanoparticles with controlled dense stealth polymer
brush shells that “stealth” core−shell nanoparticles display signiﬁcant attractive exothermic and enthalpic interactions with serum
proteins, despite having excellent colloidal stability and negligible nonspeciﬁc cell uptake. This observation is at room
temperature shown to depend only weakly on variation of iron oxide core diameter and type of grafted stealth polymer:
poly(ethylene glycol), poly(ethyl oxazoline), poly(isopropyl oxazoline), and poly(N-isopropyl acrylamide). Polymer brush shells
with a critical solution temperature close to body temperature showed a strong temperature dependence in their interactions with
proteins with a signiﬁcant increase in protein binding energy with increased temperature. The stoichiometry of interaction is
estimated to be near 1:1 for PEGylated nanoparticles and up to 10:1 for larger thermoresponsive nanoparticles, whereas the
average free energy of interaction is enthalpically driven and comparable to a weak hydrogen bond.
high and completely sterically blocking polymer concentration
close to the core is required to beneﬁt from brush repulsion.8
The low stability of PEG in biological environments and the
increasing production of antibodies against PEG have led to the
search for alternatives with similar properties (uncharged,
hydrophilic, and ﬂexible) but with better long-term performance, lower cost, and higher versatility than PEG.9 Alternatives
that are thermoresponsive, such as poly(oxazolines) and
poly(N-isopropyl acrylamid) (PNiPAm), are particularly
interesting because of their ability to turn core−shell
nanoparticles into responsive “smart” materials that can change
or modify their function through local or environmental
stimuli.10 However, although investigated as alternatives for
years, even less is known about the interactions of these
polymers grafted to particles designed for biomedical
applications. It is typically assumed that the results obtained
for PEG brushes regarding protein and cell interactions can be
extrapolated to these similar polymer brushes.
Thus, despite the speed of development including abundant
endpoint cell uptake and in vivo testing of nanoparticles,11
relatively little is known about their interactions with other

INTRODUCTION
Core−shell nanoparticles receive ever increasing attention for
their current and potential applications in life sciences.1,2
Independent tailoring of the core and the shell is used to
optimize particles to the many divergent functional demands on
biomedical and biotechnological nanoparticles.3,4 The core can
provide functions such as imaging contrast, controlled drug
storage and release as well as novel therapeutic functions.5 A
common strategy is to encapsulate the core in a polymer shell
to avoid recognition, degradation, and loss of function in a
biological environment because of aggregation and clearance.2,3
A dense but well-hydrated polymer shell introduces a steric−
osmotic repulsive interface that can counteract attractive
nonspeciﬁc colloidal [Derjaguin−Landau−Verwey−Overbeek
(DLVO)] interactions and thereby suppress protein adsorption, nonspeciﬁc cell uptake, and clearance in vivo.3,6 State of
the art for polymer coatings of monodisperse nanoparticles are
grafted polymer brushes, for which poly(ethylene glycol)
(PEG) is by far the most common in applications and also
the most investigated. Although a seemingly successful strategy,
the extent to which PEG brushes stabilize core−shell
nanoparticles is not clear;7 the requirements on polymer
grafting density and molecular weight with respect to particle
size and the extent of reduction in protein interaction are still
open topics, although the consensus is that achieving a very
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these SPION with pure albumin and with fetal bovine serum
(FBS) was investigated using ITC. Albumin is the most
abundant protein in blood, and even though it is thought to
have only a weak interaction with stealth core−shell nanoparticles, its pure abundance will ensure association of albumins
on the nanoparticle surface even for a weak net attractive
protein−nanoparticle interaction.

objects in biological ﬂuids. Proteins in blood and serum
generally are known to bind to unfunctionalized nanoparticles
to form a corona; the amount and presentation of proteins in
this corona control the in vivo uptake and clearance irrespective
of the original particle properties.12 Polymer functionalization
of nanoparticles has in many studies been shown to change cell
uptake and in vivo clearance;13−15 for example, PEG brushes
have resulted in so low levels of uptake and clearance that such
coatings have been called “stealth”.14 However, the mechanism
for this improvement of suppression of the formation of a
protein corona has mainly been extrapolated from investigations of the protein resistance of polymer brushes on planar
surfaces; in recent years, this view has been questioned for
nanoparticles, suggesting that speciﬁc protein interaction with
polymer-modiﬁed particles is responsible, or even required, for
the stealth eﬀect to be observed.16,17 Knowledge of aﬃnities
and stoichiometries of serum protein in association with
polymer functionalized and in particular with polymer brushgrafted nanoparticles is therefore of highest importance for
understanding and improving the design of nanoparticles for
use in vivo.
Superparamagnetic iron oxide core−shell nanoparticles
(SPION) are nanoparticles of particular interest for biomedical
and biotechnological applications18,19 because of their biocompatibility, low toxicity, and unique magnetic properties.20−22 Additionally, recent advances in synthesis of highly
monodisperse iron oxide cores23 as well as in grafting of
polymer brushes and functionalization24,25 of such tailored
cores make them highly suitable as a platform to quantitatively
investigate the eﬀect of shell architecture on interactions with
biomolecules and cells. We have recently shown that tailoring
of densely and irreversibly grafted PEG and poly(oxazoline)
brush shells of diﬀerent morphologies on monodisperse SPION
can lead to phenomenal colloidal stability in serum and in
media containing proteins,26−28 suppression of interactions
with lipid membranes, and the possibility to suppress and
control cell uptake.29,30 Despite the demonstrations of
remarkable and desired so-called stealth colloidal properties,
none of these studies have directly measured thermodynamic
parameters for the interaction with serum proteins. Being able
to avoid adsorption of proteins from blood plasma, for which
serum and albumin dispersions are simpler models, is believed
to be the crucial ﬁrst step of suppressing clearance by
phagocytic cells and other ﬁltration mechanisms.
Isothermal titration calorimetry (ITC) is a highly sensitive
method to study interactions in solution.31−34 It can be
employed to quickly and accurately characterize both low and
high aﬃnity interactions in real time, without introduction of
labels. It does so not only by directly providing the Gibbs free
energy of the interaction, but also under suitable experimental
conditions, the enthalpy, entropy, and stoichiometry of the
interaction. Recent advances in instrumentation and processing
of ITC data have further increased the attractiveness of using
ITC to study interactions of nanomaterials with biological
molecules.
In this work, we use a library of core−shell nanoparticles with
various suggested stealth polymers irreversibly grafted at high
(spherical brush) densities to monodisperse SPION cores using
stable nitrodopamide anchors. We also vary the size of the
SPION core of PEG-grafted nanoparticles to investigate the
eﬀect of changing the strength of the van der Waals (vdW)
attraction of the core and the strong eﬀect of surface curvature
on the polymer shell brush morphology. The interaction of

MATERIALS AND METHODS
Materials. The standard protein ladder for electrophoresis,
prestained PageRuler Plus, was purchased from PEQLAB.
Precast TGX gels were purchased from Bio-Rad. Tris(hydroxymethyl)aminomethane (Tris), glycin, sodium dodecyl
sulfate (SDS), β-mercaptoethanol, and glycerol were purchased
from Sigma-Aldrich in electrophoresis quality, and Coomassie
brilliant blue G tablets were purchased from Gerbu. 4-(2Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
NaCl, KCl, and bovine serum albumin (BSA) were also
purchased from Sigma-Aldrich. Regenerated cellulose (RC)
0.22 μm ﬁlter units were purchased from Bruckner Analysentechnik. Methyl p-tosylate was puriﬁed by distillation. (1Cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino carbenium hexaﬂuorophosphate (COMU) >99%,
dialysis tubes [MWCO: 3.5 kDa (RC) and 1000 kDa (cellulose
ester, Spectra/Por Float-A-Lyzer)], EtOH (>96% technical
grade), dimethyl formamide (DMF, >99.9% ACS reagent),
CHCl3 (≥99.5% containing 100−200 ppm amylenes as a
stabilizer), n-hexane (≥95% chromasolv plus for high-performance liquid chromatography), and petroleum ether (30−50 °C
bp, p.a.) were obtained from Carl Roth. Iron(0) pentacarbonyl
(99.99% trace metal basis), oleic acid (≥93% technical grade),
dioctyl ether (>99%), dopamine hydrochloride (≥98%),
sulfuric acid (95−98%), sodium nitrite (≥99%), 4-methylmorpholine (99% ReagentPlus), hydrochloric acid (37% ACS
reagent), and methoxy−PEG acetic acid (MeO−PEG−COOH,
Mw: 5000) were obtained from JenKem Technology.
Synthesis of SPION. The synthesis of oleic acid-coated
SPION followed established protocols.23,24 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.23,35
Polymerization of Oxazoline. Poly(2-ethyl-2-oxazoline),
poly(2-isopropyl-2-oxazoline), and poly(2-isopropyl-2-oxazoline-co-2-ethyl-2-oxazoline) were polymerized in an analogue
fashion. As an example, 2.7 mL (23 mmol) of 2-isopropyl-2oxazoline was dissolved in 8 mL of dimethyl acetamide under
inert atmosphere. To the reaction solution, 25 μL (0.16 mmol)
of methyl p-tosylate was added. 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. 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. It was dried under vacuum. A quantitative yield of 2.7 g
was obtained. The molecular weight was determined with gel
permeation chromatography (GPC) and was 19 042 g/mol
with a polydispersity index (PDI) of 1.09. Poly(2-ethyl-2oxazoline) (Mn: 20 315 g/mol, PDI: 1.07 and Mn: 22 900 g/
mol, PDI: 1.12) and the copolymer of 2-isopropyl-2-oxazoline
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kDa and 1−40 kDa, respectively). A Knauer Smartline RI
detector 2300 was used to detect the diﬀerence in refractive
index. DMF with 0.05 LiBr was applied as an 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. OminSEC
5.12 was used for analysis. Polystyrene standards of 1.5−651
kg/mol were used for external calibration.
Grafting of NDA-Functionalized Polymer to SPION. As
a representative sample, the reaction of poly(2-isopropyl-2oxazoline) terminated with NDA is described in detail. Wet
iron oxide nanoparticles (with an inorganic fraction of 10 wt %)
were dissolved in 0.5 mL of toluene. Poly(2-isopropyl-2oxazoline) (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 PNiPAm particles were
instead puriﬁed by fractional precipitation as described
previously.24 Shortly, the sample was dissolved in 10 mL of
THF and precipitated by adding stepwise 1 mL portions of
diethyl ether until the particles were possible to decant using a
1 T permanent magnet. This step was repeated ﬁve times until
all free dispersants were removed.
Grafting of PEG(5 kDa) to SPION. To ensure stably
grafted PEG shells, PEG(5 kDa) was anchored to the surface of
the iron oxide nanoparticles by nitrodopamine,25 following a
ligand replacement procedure described in Lassenberger et al.24
NDA-hemisulfate (NDA-HSO4) was synthesized according to
the literature with slight modiﬁcations.37 NDA-PEG(5 kDa)
was synthesized by COMU-mediated peptide-coupling reactions (see the Supporting Information for experimental
details).38,39 Ligand replacement took place in 10-fold excess
(with respect to the expected grafting density, e.g., 3.0 g of
NDA-PEG(5 kDa) for 3.3 nm NPs, 2.0 g for 6.7 nm NPs, and
1.8 g for 8.0 nm NPs). NDA-PEG(5 kDa) was dissolved in
DMF and mixed with 1.2 g of the respective OA-SPION.
Typically, 1.2 g of iron oxide nanoparticles was dispersed in 30
mL of DMF and the desired amount of NDA-PEG(5 kDa).
The dispersion was sonicated for 26 h at slightly elevated
temperature (35 °C). Subsequently, the mixture was extracted
thrice with n-hexane (30 mL each) to remove released oleic
acid. Afterward, the solvent was evaporated; the core−shell
nanoparticles were lyophilized for 24 h and puriﬁed from excess
ligand by magnetic decantation.24
Core−Shell SPION Characterization. The grafting
density of all particles was determined by thermogravimetric
analysis (TGA). Transmission electron micrographs were
recorded on FEI Tecnai G2, with 160 kV acceleration voltage
on carbon-coated grids. Nanoparticle size distributions were
calculated with the freeware Pebbles40 based on the analysis of
>1000 NPs. Thermal gravimetric analysis of the core−shell
nanoparticles was performed on a Mettler Toledo TGA/DSC,
with 80 mL/min synthetic air as a reactive gas, 20 mL/min
nitrogen as a protective gas, and a heating rate of 10 K/min
from 25 to 650 °C. The mass loss from 150 to 500 °C was
assigned to the polymer shell, whereas the residual mass was
assigned to the inorganic core. The mass loss up to 150 °C is
due to moisture or solvent residues and was corrected for. The
grafting density, σ, was calculated using

and 2-ethyl-2-oxazoline (Mn: 18 285 g/mol, PDI 1.07) were
prepared in the same way.
Functionalization of Poly(oxazoline). As a representative
sample for all poly(oxazoline), the functionalization of poly(2isopropyl-2-oxazoline) is described. Hydroxy-terminated poly(2-isopropyl-2-oxazoline) (2.7 g, 0.14 mmol) was dissolved in
20 mL of dry chloroform. To the reaction mixture, 216.0 mg
(2.2 mmol) of succinic anhydride and 82.2 mg (0.7 mmol) of
4-(dimethylamino) pyridine (DMAP) were added. 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: 1.76 g (65%). 6-Nitrodopamine
(NDA) was chosen to anchor all polymers to the nanoparticle
surface because it has a strong binding of covalent character to
Fe(III).25,36 Amid coupling of NDA to the carboxylic acidterminated polymer was carried out. Therefore, 1.7 mg (0.09
mmol) of carboxylic acid-terminated poly(2-isopropyl-2-oxazoline) was dissolved in 20 mL of dry DMF under inert
atmosphere. Subsequently, COMU (223.6 mg, 0.5 mmol) and
diisopropyl ethylamine (DiPEA) (0.3 mL, 1.7 mmol) were
added. The carboxylic acid was activated for 10 min, after then
NDA (189.2 mg, 0.64 mmol) was added. 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 of 3.5 kDa. Yield: 1.4 g, 52%; functionalization: 97%.
NMR: 1H NMR for poly(2-isopropyl-2-oxazoline)-NDA δH
(300 MHz; CDCl3) 7.61 (1H, s, Ar-H), 6.65 (1H, s, Ar-H),
4.18 (2H, CH2OCO−), 3.45 (4nH, −N−CH2CH2−polymer),
2.90−2.61 (1nH, CH(CH3)2, polymer), 1.09 (6nH, CH(CH3)2, polymer).
Polymerization of PNiPAm. N-isopropylacrylamide (2 g,
17.7 mmol) was dissolved in 20 mL of a mixture of water and
methanol (v/v: 9/1). Subsequently, 25.7 mg (0.18 mmol) of
CuBr, 4.0 mg (0.02 mmol) of CuBr2, and 16.2 mg (0.10 mmol)
of 2-bromo-2-methylpropionic acid were added to the solution.
The reaction mixture was degassed with N2 for 15 min. Tris[2(dimethylamino)ethyl]amine (Me6Tren, 80 μL, 0.30 mmol)
was dissolved in 1 mL of water and degassed with N2. Both
solutions were cooled to 4 °C and mixed. The reaction mixture
was stirred for 24 h. The product was precipitated thermally
and dialyzed 24 h with a cutoﬀ of 3.5 kDa. Yield: 1.5 g, 75%.
The molecular weight was determined by GPC: 17 951 g/mol,
PDI: 1.91.
Functionalization of Poly(N-isopropyl acrylaminde).
Carboxylic acid-terminated PNiPAm (1.5 g, 0.08 mmol) was
dissolved in 20 mL of dry DMF. Subsequently, COMU (119.1
mg, 0.28 mmol) and DiPEA (140 μL, 0.80 mmol) were added.
The reaction mixture was stirred for 15 min. NDA (99 mg, 0.33
mmol) was added and stirred for another 24 h. The product
was precipitated with diethyl ether and hexane (1/1: v/v) and
dialyzed for 3 days with a cutoﬀ of 3.5 kDa. Yield: 1.3 g (65%)
and functionalization: 70%.
NMR: 1H NMR (300 MHz, CD3OD, δ): 7.58 (s, 1H), 6.70
(s, 1H), 3.98 (s, 1nH, polymer), 3.49 (m, 2H), 3.05 (t, 2H),
1.18−2.10 (m, 9nH, polymer).
Polymer Characterization. 1H NMR spectra of polymers
were measured on a Bruker AV III 300 MHz spectrometer.
Chemical shifts were recorded in parts per million (ppm) and
referenced to a residual protonated solvent [CDCl3: 7.27 ppm
(1H) and MeOD: 3.31 (1H)]. Polymer MWs were measured
by GPC on a Malvern Viscotek GPCmax system. The setup
comprises three MZ-Gel SDplus columns (a precolumn
followed by two columns with separation ranges of 10−2000
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subtraction can be found in the Supporting Information.
Although diﬀerent approaches only yielded minor diﬀerences in
the ﬁtted thermodynamic parameters, the data quality was
much higher for all samples except for serum injection when
the ﬁtted oﬀset method was used.
Temperature-dependent ITC experiments were carried out
on a Microcal PEAQ-ITC Automated (Malvern Panalytical)
and analyzed using the MicroCal PEAQ-ITC analysis software.
The concentrations and preparation methods for all samples
were as described above, as well as the measurement protocol
for injection volume and measurement time. The measurements were done at 15, 25, 30, 35, and 40 °C for each sample.
SDS-PAGE Electrophoresis. SDS-polyacrylamide gel electrophoresis (PAGE) was done in a Bio-Rad Mini-PROTEAN
Tetra-Cell, using precast TGX-gradient gels (1 mm, 4−20% T,
12 well). Running buﬀer consists of 0.3% Tris, 1.44% glycin,
and 0.1% SDS. Sample buﬀer contains 4% SDS, 4% βmercaptoethanol, and 40% glycerol in 125 mM Tris adjusted to
pH 6.8 with HCl. For each sample, aliquots of 200 μL of
SPION (concentration as in ITC) were mixed with 40 μL of
BSA (35 mg/mL in HEPES-BS). After 1 h incubation, unbound
BSA was removed by an Amicon ﬁlter unit (100 kDa). Each
sample was diluted to a ﬁnal volume of 1.25 mL and spun-down
at 5000 rpm for 10 min using an Eppendorf 5804R centrifuge.
Dilution and centrifugation were repeated six times in total.
After ﬁnal centrifugation, the sample was diluted with 200 μL of
HEPES-BS and transferred to an Eppendorf vial. The sample
(16 μL) was mixed with 4 μL of sample buﬀer and then
centrifuged at 13 200 rpm for 2 min in an Eppendorf MiniSpin
centrifuge. After centrifugation, the supernatant (4 μL) was
loaded on top of the gel. Separation was done at a constant
voltage (200 V, max. 30 mA per gel) for 45 min. Gels were
stained with Coomassie brilliant blue G, (Gerbu, 1 tablet in 100
mL of 40% MeOH, 10% acetic acid) for 15 min at 50 °C and
destained with several changes of 10% acetic acid, until the
background was completely clear. Finally, the gel was scanned
using a LI-COR Odyssey infrared imager at a wavelength of
800 nm.

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 (DLS) measurements [hydrodynamic diameter, critical solution temperature
(CST), and temperature cycling experiments] were conducted
in Milli-Q water on a Malvern Zetasizer Nano-ZS. The size
distribution was calculated using the CONTIN algorithm by
the built-in software.
Preparation of Core−Shell SPION Dispersions. HEPESBS buﬀer (10 mM) was prepared by weighing and dissolving
1.19 g of HEPES, 4 g of NaCl, and 0.1 g of KCl in 500 mL of
Milli-Q water (ﬁnal volume), yielding ﬁnal concentrations of 10
mM HEPES, 137 mM NaCl, and 2.7 mM KCl. Drops of
concentrated NaOH were added to reach a ﬁnal pH of 7.4. The
buﬀer was ﬁltered after preparation and stored at 4 °C. SPION
were weighted using a Sartorius Secura Micro Balance and then
dissolved at the desired concentration in HEPES-BS.
PEGylated SPION were left to dissolve overnight; poly(oxazoline)-coated particles were used immediately. Each
sample was sonicated for a few seconds using a Transsonic T
460 bath sonicator in order to break up any remaining
aggregates. After sonication, each sample was ﬁltered using 0.22
μm RC ﬁlter units.
Isothermal Titration Calorimetry. ITC measurements
were performed using MicroCal Auto-iTC200 at 25 °C. In each
measurement, a sample of 35 mg/mL BSA in HEPES-BS acted
as the titrant and 40 μL were ﬁlled in the syringe. The cell was
ﬁlled with the SPION dispersion. A PEGylated 3.3 nm core was
measured at 3 mg/mL, corresponding to 16.5 μM particles, and
6.7 and 8.0 nm at 3.75 and 6.15 mg/mL respectively, which
both correspond to 4.1 μM particles. PiPOx, PEtOx (0.4
chains/nm2), PEtOx (0.7 chains/nm2), PiPOx-co-PEtOx, and
PNiPAm were all measured at 5 mg/mL particles, which
corresponds to 1.3, 2.0, 1.1, 1.3, and 1.0 μM particles,
respectively. The free polymer concentrations were chosen to
correspond to the polymer concentrations in the nanoparticle
samples according to the organic fraction measured by TGA,
i.e., PiPOx 4 mg/mL, PEtOx 3.32 mg/mL, PiPOx-co-PEtOx 4
mg/mL, PNiPAm 4.2 mg/mL, and PEG 2.5 mg/mL. PiPOx,
PEtOx, and the copolymer have one methyl and one hydroxy
terminal group; PNiPAm has one carboxy and one hydroxy
terminal group; PEG has methoxy-terminal groups. Resovist
was measured at 2.5 mg/mL. Each sample was freshly
dissolved, ﬁltered and degassed, and used on the same day.
During the measurement, 2.5 μL of titrant was added every 3
min to the measuring cell for a total of 15 injections. The ﬁrst
injection of 0.5 μL is customarily removed from the analysis to
avoid artifacts. The data processing was done using the
MicroCal PEAQ-ITC analysis software. We applied the ﬁtting
model “single set of identical sites” to best reﬂect the nature of
interaction with a dense and uniform polymer brush shell.
Baseline correction was generally done using the ﬁtted oﬀset
routine, which estimates and subtracts the heat of dilution from
the average of the converging injection enthalpies at the end of
the titration curve. For measurements on serum, a direct
subtraction of the heats of dilutions of the control sample was
instead performed before ﬁtting. A comparison between direct
subtraction of the heats of injection and the ﬁtted oﬀset

RESULTS AND DISCUSSION
To investigate in detail the interaction of core−shell, so-called
“stealth”, superparamagnetic iron oxide nanoparticles with
proteins relevant for cell interaction studies and that are
found in blood, we require well-deﬁned nanoparticles, i.e.,
monodisperse cores with homogeneous grafted polymer
brushes. Core−shell nanoparticles comprising of a monodisperse iron oxide core and a densely and irreversibly grafted
polymer shell were synthesized and puriﬁed from excess
dispersant as described previously24,30 and in the Materials and
Methods section. Three diﬀerent core sizes in the superparamagnetic range (3.3, 6.7, and 8.0 nm in diameter) were
used to investigate the eﬀect of nanoparticle size and shell
curvature on the interactions of SPION densely grafted with a
PEG spherical brush shell. The eﬀect of polymer shell
composition was investigated by synthesizing core−shell
SPION with similar core size (∼8 nm), polymer molecular
weight (∼20 kg/mol), and grafting density (∼1 chain/nm2).
The PEGylated particles had the same grafting density but a
polymer molecular weight of 5 kg/mol. This reﬂects the close
to one-third lower molecular weight per monomer of PEG than
of the other polymers, leading to a similar degree of
polymerization for all polymers. Thus, the brush properties of
all diﬀerent polymer shells should be similar, and empirically,
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Table 1. Properties of Iron Oxide Core and Polymer Brush Shell Nanoparticles Used in the Interaction Measurements
name
PEG 3.3 nm
PEG 6.7 nm
PEG 8.0 nm
PEtOx
(0.4 chains/nm2)
PEtOx
(0.7 chains/nm2)
PiPOx-co-PEtOx
PiPOx
PNiPAm

core diameter
(nm)

Mn
[kg/mol]

PDI

PEG
PEG
PEG
poly(2-ethyl-2-oxazoline)

5
5
5
20

1.07
1.07
1.07
1.07

3.3
6.7
8.0
8.0

poly(2-ethyl-2-oxazoline)

23

1.12

poly(2-isopropyl-2-oxazoline)-st-(2-ethyl-2-oxazoline)
(87:13)
poly(2-isopropyl-2-oxazoline)
poly(N-isopropylacrylamide)

18
19
18

polymer

hydrodynamic diameter
(DLS) [nm]

0.7
0.6
1.0
0.4

18.5
17.9
21.4
19.5

8.9 ± 0.6

0.71

27.6 ± 2.3

1.07

8.0 ± 0.4

1.0

39.8 ± 13.5

1.09
1.91

8.0 ± 0.4
8.0 ± 0.4

1.1
1.1

19.9 ± 1.6
32.8 ± 8.3

±
±
±
±

0.4
0.5
0 0.3
0.4

grafting density
[chains/nm2]

±
±
±
±

1.8
0.8
1.8
1.4

assuming independent binding sites should be suitable. A
diﬀerent model should be chosen if the binding interaction
violates the hypothesis that the binding of multiple proteins to
a single nanoparticle are independent events with similar
interaction energies. An argument for this could be that the
protein and nanoparticles have similar size. However, for
nonspeciﬁc protein binding via DLVO interaction with the core
or via extended DLVO interactions with the polymer brush
shell, it is unlikely that the binding would be signiﬁcantly
aﬀected by already adsorbed proteins. A disadvantage of
assuming a more complex model, for example, with dependent
binding sites, is that more parameters must be added to the
model, which risks resulting in overdetermined ﬁtting. We
therefore conclude that if the simplest and in our view most
plausible Langmuir-type interaction model can reproduce the
data; then, this model is preferred and should be used.
The ﬁts assuming a single set of identical BSA interaction
sites on the particles were obtained by the standard Marquardt
method iterating until the χ2 error is minimized; the ﬁts are
shown as solid lines in the panels numbered (ii) of Figure 1.
The stoichiometry, n, of this interaction is roughly found as the
molar ratio at the inﬂection (mid-) point of the enthalpy curve
and the dissociation constant KD from the slope of the curve at
this point. Because the enthalpy, ΔH, is directly measured, also
the entropy of the interaction, ΔS, can be calculated using the
Gibbs equation

they stabilize the nanoparticles equally well. All nanoparticles
have been shown to possess excellent colloidal stability in
serum and suppressed uptake also by phagocytic cells below the
critical solution temperature (CST) of the polymers; polymers
with a CST lower than body temperature showed aggregation
and high uptake in cell culture performed at 37 °C.30
Descriptions of the samples are found in Table 1. Polymer
molecular weights of the grafted polymers were determined
using calibrated GPC, core diameters were determined by
image analysis using Pebbles40 of >1000 NPs using TEM, and
the grafting density was determined using the TGA and TEM
data as described in the Materials and Methods section.
ITC is an excellent technique to sensitively measure the
thermodynamics of nanoparticle interactions with biomolecules
in solution. Other techniques used to determine the fate of
nanoparticles in biological environments predominantly rely on
estimates of the endpoint, such as colloidal aggregation and
precipitation or cell uptake and toxicity. Using such methods, it
is not clear whether colloidal stability or “stealth” are direct
properties of the polymer brush or if they proceed over
interactions with the protein-rich environment. Our previously
published data indicate that the PEGylated SPION listed in
Table 1 had no interaction with lipid membranes or cells29 and
that they possess extraordinary colloidal long-term stability in
blood serum, even under heat treatment.24 This was attributed
to the stable, grafted, and suﬃciently thick and dense PEG shell
that prevents protein adsorption and leads to the absence of
speciﬁc and nonspeciﬁc interactions with cells.
Figure 1 shows an ITC measurement of the interaction of
free methoxy-PEG and of 3.3, 6.7, and 8.0 nm in diameter core
SPION densely grafted with NDA-PEG with BSA in HEPESBS. Obviously, despite the colloidal characteristics and previous
results obtained for these SPION, there is a signiﬁcant
exothermic interaction between the injected BSA and the
nanoparticles. In contrast, there is only a low endothermic peak
for injection of BSA to free PEG, which corresponds to the heat
of dilution of the injected sample (Figure S1). The diﬀerential
power used to maintain the reference and sample cells in
thermal equilibrium for every injection of BSA is shown in the
top row graphs of each panel (i) in Figure 1. Integration of the
heating rate for each injection (peak) yields the enthalpies of
each injection shown in the bottom row graphs of each panel
(ii).
The binding isotherms for the SPION in Figure 1 could be
ﬁtted using a model assuming a single set of identical BSA
interaction sites on the particles, i.e., assuming a uniform
stoichiometry and all binding sites having the same binding
energy. For weak nonspeciﬁc interactions, a simple model

ΔG = RT ln KD = ΔH − T ΔS

where ΔG is the Gibbs free energy, R is the gas constant, and T
is the experimental temperature. The thermodynamic quantities
obtained from ﬁts using the Langmuir/Weisman-type model to
the titration data at 25 °C using KD, n, and ΔH as free
parameters are found in Table 2. As observed in Figure 1 and
Table 2, all curves were ﬁtted well using this model but the ﬁts
yielded high uncertainties in the thermodynamic parameters
that are most sensitive to the titration curve shape. Generally, it
is a concern that the Weisman c value, c = n[M]/KD, where
[M] is the concentration of the receptor or in this case the
nanoparticles, should be c > 241 because otherwise the shape of
the titration curve does not contain the features needed to
determine all thermodynamic parameters accurately. The cvalues of nanoparticle samples are strongly limited by their
large size, which leads to higher-order colloidal interactions and
high viscosity if the nanoparticle concentration is higher than
the low micromolar range, that is, because a high nanoparticle
volume fraction is reached already at low molarity. The c-values
of our samples were therefore limited to 0.01 < c < 2, assuming
n = 1 and 0.4 < c < 2.5 for values of n from the ﬁts (Table S1).
E
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Figure 1. Diﬀerential power (heat transfer rate) and enthalpy at 25 °C upon injection of BSA to SPION grafted with PEG and to free PEG measured
by ITC for (a) 35 mg/mL BSA injected to 3 mg/mL (16.5 μM) 3.3 nm SPION in HEPES-BS, (b) 35 mg/mL BSA injected to 3.75 mg/mL (4.1
μM) 6.7 nm SPION in HEPES-BS, (c) 35 mg/mL BSA injected to 6.15 mg/mL (4.1 μM) 8.0 nm SPION in HEPES-BS, and (d) 35 mg/mL BSA
injected to 2.5 mg/mL (4.1 μM) free PEG. Each panel contains the raw heat transfer rate data (i) and calculated interaction enthalpies per injection
reﬂecting the binding isotherms (ii). The continuous lines represent the ﬁtted model.

Table 2. Thermodynamic Parameters for the Interaction between BSA and Nanoparticles Grafted with Polymer Brushes at 25
°C Calculated by Fitting the ITC Data Using a Model Based on a Set of Identical Protein Binding Sites
sample
PEG 3.3 nm
PEG 6.7 nm
PEG 8.0 nm
PEtOx (0.4 chains/nm2)
PEtOx (0.7 chains/nm2)
PiPOx-co-PEtOx
PiPOx
PNiPAm

n [sites]
0.5
1.6
2.9
10.0
7.2
7.2
9.9
6.7

±
±
±
±
±
±
±
±

0.06
0.4
0.6
1.5
2.5
6.0
2.1
1.5

KD [μM]

ΔH [kJ/mol]

13.7
14.1
22.6
16.6
11.8
18.6
21.7
7.8

−291
−335
−335
−210
−340
−340
−340
−340

±
±
±
±
±
±
±
±

1.4
2.4
4.8
5.5
4.7
9.8
4.5
1.5

F

±
±
±
±
±
±
±
±

44
110
102
55
160
340
97
90

ΔG [kJ/mol]
−27.8
−27.7
−26.5
−27
−28
−27
−27
−29

±
±
±
±
±
±
±
±

0.3
0.4
0.5
0.8
1.0
1.3
0.5
0.5

ΔS [kJ/mol/K]
−0.88
−1.03
−1.03
−0.62
−1.03
−1.03
−1.03
−1.03

±
±
±
±
±
±
±
±

0.1
0.4
0.3
0.2
0.5
1.1
0.3
0.3
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Although the molar ratio of the BSA−nanoparticle interaction
is on the order of 1:1, it seems that the smallest cores bind on
average fewer BSA and with lower dissociation constant than
the larger cores. The diﬀerence in binding free energy of BSA
to the 3.3 nm core nanoparticles compared to BSA binding to
the larger nanoparticles is small but signiﬁcant. Following the
ﬁts, a lower enthalpy of binding is compensated by a much
lower entropic penalty of binding of BSA for the PEG 3.3 nm
particles. One can therefore speculate that a more curved brush
is providing less steric penalty to binding although the vdW
attraction to the core is also lower. This agrees with the model
for steric−osmotic stabilization of nanoparticles with spherical
brushes, but with the note that the eﬀects of core attraction and
brush repulsion roughly seem to balance with the change in size
in this range. However, we should also note that our
measurements required very high particle concentrations, at
which higher-order virial coeﬃcients might start to play a role
in determining changes to the total energy of the system, and
that this might have been more pronounced for the PEG 3.3
nm particles that have the highest concentration. The
uncertainties in the ﬁts make it diﬃcult to conclusively discuss
the diﬀerence in the average number of BSA interacting per
particle, but there is a tentative trend toward more protein per
nanoparticle as the size increases. As described above, the
diﬀerences in average n obtained from the ﬁts are required to
reproduce the curve shape, which indicates that this trend is
more robust than it seems at ﬁrst glance.
If the interaction of the BSA is with the PEG brush or
hindered by it, one would expect the number of protein
interactions to roughly scale with the area of the polymer brush
shell of the SPION. The hydrodynamic size of the particles was
determined by DLS (see Table 1) and shows very similar
diameters and therefore surface areas of the diﬀerent
nanoparticles. The small diﬀerence in surface area cannot
fully explain the diﬀerence in the number of BSA binding per
SPION, although the number of grafted polymer chains and the
size of the core−shell particles increase with the core diameter;
the largest particles should according to the DLS results only
have 34% more proteins on the surface, whereas the ﬁts to the
titration curves indicate an increase in the average number of
bound proteins per particle of almost six times. The
hydrodynamic radius could, however, underestimate diﬀerences
in the eﬀective area of the polymer brush shell, as we expect it
to also change conformation with size and curvature at constant
grafting density. The data thus support the interpretation that
an increase in size or area increases the number of bound
proteins, but that the area diﬀerence itself cannot fully explain
the diﬀerence.
Although previous studies on nanoparticle interactions have
mainly been performed at a single temperature, it is generally
perceived as much more robust to perform protein interaction
analysis as a function of temperature. This also enables a
traditional van’t Hoﬀ analysis of enthalpy and entropy of
interaction by plotting ΔG versus T. Figure 2 shows the
interaction free energies as a function of temperature for the
diﬀerent nanoparticle samples interacting with BSA. The data
in Figure 2 demonstrate that the PEG-grafted nanoparticles are
similar, with the two smaller core sizes having almost identical
ΔG over the probed temperature range, whereas the largest
PEG-grafted nanoparticles consistently have a marginally lower
free energy of interaction.
Within the testable temperature range, ΔG seems to be
reasonably, although not perfectly, linearly related to T, as a

Recent literature has shown that a robust ﬁt of KD and thereby
ΔG can be obtained also for c < 10−441 and that the analysis at
very low c is insensitive to errors in n.42
ITC is a very sensitive method with many experimental
parameters that may cause noise and oﬀsets in the baseline,
which in turn inﬂuence the ﬁts. The baseline noise was rather
high in our measurements, likely through a combination of
equipment limitations and that the SPION cannot be dialyzed
against the reference media for the very long time periods
required to remove all diﬀerences in buﬀer composition.24 The
colloidally dense medium in the cell and the limitation on
dialysis time are also probably causes for why the ﬁtted oﬀset
method was better than the direct subtraction of the control
sample to remove the heat of injection of the BSA. Thus,
although an interaction between BSA and PEG-grafted SPION
is indisputable and that the mode of binding seems to agree
with the applied model with very robust ﬁts, the enthalpies,
entropies, and stoichiometries of interaction are only estimates
with quite high uncertainty, whereas a reasonable accuracy is
obtained for the dissociation constant and the free energy of
interaction.
For very low c, the stoichiometry n does not inﬂuence the ﬁt
as shown by Tellinghuisen41 because a low c still yields a good
estimate of the tangent of the titration curve at the inﬂection
point from which KD is obtained, but the titration data then
contain little additional shape information from which to
extract n. A common approach in the study of speciﬁc protein
interactions is to determine the stoichiometry by complementary measurements and then ﬁx n in the modeling to
reduce the number of free parameters in the ﬁt and improve
accuracy.42 This works well if n is precisely known or the ﬁt is
insensitive to n as for low c. For nonspeciﬁc interactions, a ﬁxed
stoichiometry cannot be expected as there are no deﬁned
binding sites. Instead, an average number of proteins are likely
to interact attractively with the average particle shell surface.
However, for the highest c in our study (corresponding to the
PEG-grafted nanoparticles with the smallest core diameter), we
obtained ﬁts that have a low uncertainty also in n, with n = 0.5.
We therefore also tried ﬁxing n in each ﬁt by scaling n = 0.5 by
the area diﬀerences between the nanoparticles according to the
DLS hydrodynamic diameters given in Table 1 to reduce the
number of ﬁtting parameters. The resulting ﬁts are worse than
those with a free n, as can be observed by comparing Figure S2
and Figure 1. However, for the PEG-grafted nanoparticles, the
values for n scaled in this way do not deviate too far from the
average values obtained from the direct ﬁtting of the titration
data for each individual particle size. We hence conclude that
the Weisman c is not low enough for the ﬁt to be insensitive to
n and that the ﬁt of n therefore is both called for and likely to
produce a reasonable estimate of the stoichiometry.
When comparing the extracted binding energies and number
of binding sites per nanoparticle at 25 °C, it is evident that
nanoparticles of diﬀerent core sizes but grafted with the same
density of PEG interact very similarly with BSA. The increase in
the core size should substantially increase vdW attraction that
promotes protein adsorption and aggregation. However, a
constant grafting density of the polymer on the nanoparticles
also means that with the rapidly increasing area and lower
curvature, the sterically repulsive polymer shell becomes denser
and thicker as the particle size increases, despite the lower
polymer weight fraction. It should be noted that the polymer
brush curvature and therefore segment density proﬁle change
signiﬁcantly for the diﬀerent particles within this size range.
G
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of BSA, which although BSA is by far most abundant protein in
FBS could lead to slight errors in the estimated parameters.
FBS contains a high but unknown concentration of protein
because the protein composition is not precisely known and the
interacting proteins can vary. A concentration similar to that
used for BSA was chosen, for comparison purposes. The
baseline for the FBS measurements is noisy due to heat of
dilution of all of the diﬀerent salts and proteins that FBS
contains. Although worse ﬁts were obtained for FBS compared
to those for BSA, the obtained thermodynamic parameters for
FBS (see Table S3) were very close to those for BSA. We
therefore conclude that interactions with BSA dominate any
response between serum and nanoparticles grafted with a dense
PEG brush and that BSA therefore can be used as a good proxy
for measuring average serum protein interactions with PEGgrafted nanoparticles.
There have been recent reports suggesting, in analogy with
our results, that albumins indeed interact more strongly with
PEG brushes on nanoparticles than previously assumed in the
framework of “nonfouling” PEG brushes. The concept of PEG
brushes being resistant to protein adsorption is strongly based
on the extensive work performed using surface-sensitive
techniques on planar PEG brushes; however, the strong
colloidal interactions of small nanoparticles and the diﬀerent
structures of highly curved polymer brushes compared to that
of planar brushes could lead to higher protein adsorption on
PEGylated nanoparticles than that on PEGylated planar
surfaces. Parak and co-workers17 used ﬂuorescence correlation
spectroscopy to show an increase in nanoparticle size of PEGgrafted FePt nanoparticles when exposed to human serum
albumin, which was interpreted as adsorption of albumin. A
calculation of KD from the change in hydrodynamic radius at a
single temperature when the concentration of protein was
changed yielded micromolar dissociation constants that were
less than 1 order of magnitude lower than those we measure for
the PEG-grafted core−shell SPION by ITC. Their ﬂuorescence
lifetime measurements also suggested that the albumin was
buried within the PEG shell, which would imply strong
adsorption of at least a fraction of the protein on the
nanoparticles. Although Parak and co-workers17 do not provide
a grafting density of the PEG, they describe the thickness of the
PEG shell to correspond to that of less densely grafted PEG in
the mushroom conﬁguration; this is likely the reason why they
observe protein also adsorbing within the PEG shell as the
surface of the FePt nanoparticle core is still partly accessible.
The adsorption of protein within the brush will have low
impact on the hydrodynamic radius; therefore, the adsorption
of these strongly adsorbing proteins is not necessarily
represented in the determination of KD by the method chosen
in that work. These results are in general agreement with our
experiments, but adsorption within the brush and directly to
the core suggests that higher aﬃnities should have been
observed in these earlier experiments than what we measure. It
is also notable that while we observe a stoichiometry of close to
1:1, the study on less densely PEG-grafted FePt nanoparticles
showed a corona of a full monolayer of albumin forming.
However, importantly, these core−shell nanoparticles covered
with BSA still demonstrated very low cell uptake. Direct
accessibility of the iron oxide core surface to protein adsorption
is not likely at the high grafting density, resulting in a spherical
PEG brush achieved on our PEG-grafted SPION. Correspondingly, we observe less protein adsorbed per particle, but at

Figure 2. van’t Hoﬀ plot of the free energies calculated from the
temperature-dependent ITC results for the interaction between BSA
and nanoparticles with nonthermoresponsive polymer shells: PEG 3.3
nm (red diamond), PEG 6.7 nm (waterblue triangle), PEG 8.0 nm
(turquoise square), and PEtOx (0.7 chains/nm2) (purple round).

simple van’t Hoﬀ analysis implies it should be. Table S2 shows
ΔH and ΔS obtained by the linear regression of the data
plotted in Figure 2. The values obtained from this are
qualitatively very diﬀerent from those obtained from ﬁtting
the individual titration curves. We observe that the van’t Hoﬀ
analysis even suggests the opposite signs of the enthalpy and
entropy of interaction to what is observed for the ﬁtting of the
titration curves. Because the heat of interaction is clearly
negative for each injection at a ﬁxed temperature, the diﬀerence
in the results seems to indicate the limitation of such analysis
applied to complex colloidal polymer−protein interactions. The
qualitative diﬀerence cannot be explained by the standard
uncertainty in the analysis from ﬁtting and extrapolating values
for ΔG over a limited temperature range. The probable cause is
rather that the enthalpy and entropy of interaction of protein
with polymer brush-modiﬁed interfaces are not expected to be
fully independent of temperature. The hydration of the
polymer brush, which is controlled by a competition between
water and chain entropy with water hydrogen bonds to the
polymer, varies with temperature. As the hydration is decreased
with increased temperature, the steric−osmotic repulsive
potential preventing protein from adsorbing to the particle is
reduced. Close to the CST, this leads to an especially dramatic
change from low protein to high protein binding. We therefore
probably observe that the temperature dependence of the
polymer solvation transition dominates over the protein−
particle interaction in the T-dependent response. Interestingly,
we observe this even for all of the PEG-grafted nanoparticles,
despite the high CST of PEG. We will discuss related results for
other polymer brush shells further in a section below.
Although albumin is the most abundant protein in blood
serum, other less abundant proteins may have higher aﬃnity to
the particle and lead to a permanent protein corona providing
speciﬁc signals to, e.g., the immune system. To investigate
whether other proteins than albumin could dominate the
interaction with PEGylated nanoparticles through a stronger
interaction, we measured the interaction between SPION with
diﬀerent core sizes grafted with NDA-PEG and 50% (v/v %)
FBS in HEPES-BS. The raw data and ﬁtted isotherms are
reported in Figure S3. The interaction isotherms are close to
those for BSA. As expected from the complexity of FBS
compared to the BSA solution, this made the isotherms harder
to ﬁt with a single-site model mainly because of a worse
baseline correction. Additionally, the protein molarity was
estimated from the mass assuming an average molecular weight
H
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Figure 3. Diﬀerential power (heat transfer rate) and enthalpy of interaction at 25 °C upon injection of BSA to SPION grafted with poly(oxazolines)
and PNiPAm measured by ITC for (a) 35 mg/mL BSA injected to 5 mg/mL (1.3 μM) PiPOx SPION in HEPES-BS, (b) 35 mg/mL BSA injected to
5 mg/mL (1.3 μM) PEtOx (0.7 chains/nm2) SPION in HEPES-BS, (c) 35 mg/mL BSA injected to 5 mg/mL (1.1 μM) PiPOx-co-PEtOx SPION in
HEPES-BS, and (d) 35 mg/mL BSA injected to 5 mg/mL (1.0 μM) PNiPAm SPION. Each panel contains the raw heat transfer rate data (i) and
calculated interaction enthalpies per injection reﬂecting the binding isotherms (ii). The continuous lines represent the ﬁtted model.

average higher binding free energy and the same end result, i.e.,
the particles retain stealth properties in cell uptake experiments.
There are additional reports suggesting that PEG brushes can
bind serum proteins and that this can also occur for other
substrates than nanoparticles.43,44 However, the isotherm in
Figure 1d shows that free PEG does not display any
interactions with BSA. This raises the question whether our
observation of the association of albumin to PEGylated
particles is resulting from interactions with PEG or could be
a more general feature of polymer brushes, such as the local
high density of the polymer, or from the combination of grafted
spherical polymer brushes and an inorganic core. Observing the
unusual T dependence of the interaction free energy of PEGgrafted nanoparticles also warrants an investigation of if this

eﬀect is observed for other temperature-responsive polymer
brushes for which the CST can be varied. Therefore, we
additionally tested a range of SPION of the same core size (8.0
nm) as the largest PEGylated SPION grafted with equally
dense brushes of polymers that are regarded as alternatives to
PEG to create interfaces resistant to protein adsorption,
namely, poly(2-ethyl-2-oxazoline) (PEtOx) and the thermoresponsive polymers poly(2-isopropyl-2-oxazoline) (PiPOx) and
poly(N-isopropyl acrylamide) (PNiPAm), as well as a random
copolymer of PEtOx and PiPOx (PiPOx-co-PEtOx) with CST
close to body temperature. These core−shell nanoparticles have
also shown excellent colloidal stability in serum and negligible
cell uptake at temperatures below the CST of the shell.30
Aggregation and pronounced cell uptake were found for
I
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Table 3. Thermodynamic Parameters Fitted to the ITC Titration Curves for the Interaction between BSA and PEG 3.3 nm
Particles at Diﬀerent Temperatures
temperature [°C]
15
25
30
35
40

n [sites]
0.5
0.5
0.4
0.4
0.4

±
±
±
±
±

0.1
0.06
0.07
0.4
0.6

KD [μM]

ΔH [kJ/mol]

16.3
13.7
15.2
16.6
17.6

−335
−291
−335
−335
−251

±
±
±
±
±

2.8
1.4
1.6
8.1
14

±
±
±
±
±

98
44
72
380
410

ΔG [kJ/mol]
−26.5
−27.8
−28.0
−28.2
−28.5

±
±
±
±
±

0.4
0.3
0.3
1.2
2.0

ΔS [kJ/mol/K]
−1.07
−0.88
−1.01
−1.00
−0.71

±
±
±
±
±

0.3
0.1
0.2
1.3
1.4

Table 4. Thermodynamic Parameters Fitted to the ITC Titration Curves for the Interaction between BSA and PEG 6.7 nm
Particles at Diﬀerent Temperatures
temperature [°C]
15
25
30
35
40

n [sites]

KD [μM]

ΔH [kJ/mol]

1.9
1.6
1.4
1.2
0.8

15.8
14.1
12.8
13.1
11.8

−335
−335
−335
−335
−335

±
±
±
±
±

0.5
0.4
1.2
1.2
1.5

±
±
±
±
±

3.1
2.4
6.0
6.1
7.0

±
±
±
±
±

110
110
330
390
670

ΔG [kJ/mol]
−26.5
−27.7
−28.4
−28.8
−29.6

±
±
±
±
±

0.5
0.4
1.2
1.2
1.5

ΔS [kJ/mol/K]
−1.07
−1.03
−1.01
−0.99
−0.97

±
±
±
±
±

0.4
0.4
1.1
1.3
2.3

Table 5. Thermodynamic Parameters Fitted to the ITC Titration Curves for the Interaction between BSA and PEG 8.0 nm
Particles at Diﬀerent Temperatures
temperature [°C]
15
25
30
35
40

n [sites]
3.2
2.9
2.7
2.2
1.9

±
±
±
±
±

0.4
0.6
0.7
1.6
2.5

KD [μM]
23.0
22.6
21.4
21.2
21.5

±
±
±
±
±

ΔH [kJ/mol]

3.4
4.8
5.5
11.0
16.6

−335
−335
−335
−335
−335

±
±
±
±
±

66
102
130
308
538

ΔG [kJ/mol]
−25.6
−26.5
−27.1
−27.6
−28.0

±
±
±
±
±

2.5
0.5
0.6
1.3
1.9

ΔS [kJ/mol/K]
−1.07
−1.03
−1.02
−1.00
−0.98

±
±
±
±
±

0.2
0.3
0.4
1.0
1.8

particle binding ratio. Two diﬀerent samples grafted with
PEtOx are also included. These have marginally diﬀerent core
sizes but signiﬁcantly diﬀerent grafting densities (0.4 vs 0.7
chain/nm2). The signiﬁcant diﬀerences between the two are
shown in Table 2 and are noteworthy. Interestingly, both KD
and n seem to be lower at higher grafting density of PEtOx.
The T-dependent data shown in Figure 2 include PEtOxgrafted nanoparticles and show that particles with similar shells
have similar van’t Hoﬀ plots. As for the PEG-grafted particles,
the enthalpy and entropy of interaction obtained by the van’t
Hoﬀ analysis are signiﬁcantly diﬀerent than those obtained
from direct ﬁtting of the ITC data. We observe that for the
PEtOx-grafted nanoparticles, the diﬀerence is even larger with
massively positive interaction enthalpy and entropy; both are
strongly negative from the analysis of the individual titration
curves. We also observe that the interaction free energy is
strongly decreasing with increasing temperature. Generally, and
compared to PEG-grafted particles, this is to be expected
because the hydration of poly(oxazoline) brushes at physiological salt concentration is strongly aﬀected by temperature.
The CST is close to the body temperature for PEtOx and
below the body temperature for PiPOx at physiological
conditions.30,46 Consequently, a much stronger T dependence
is seen for the BSA binding to PEtOx-grafted than that to PEGgrafted nanoparticles in the investigated temperature range that
goes up to 40 °C. A further illustration is that the T-responsive
polymer shells that have their CST below body temperature
cannot be investigated over a suﬃciently broad temperature
range by ITC or by van’t Hoﬀ analysis, that is, PiPOx, PNiPAm,
and PiPOx-co-PEtOx samples precipitate with BSA or serum in
buﬀer at temperatures above room temperature and they were
therefore excluded from this part of the study. It can also be
illustrated by comparing the T dependence of PEtOx-grafted
nanoparticles that have diﬀerent grafting densities shown in

temperatures above the polymer brush CST, which demonstrates that the fully hydrated and steric−osmotically stabilizing
polymer brush was responsible for the stealth property.45
The ITC curves shown in Figure 3 qualitatively look very
similar for all core−shell SPIONs with alternative polymer
brush shells at 25 °C, which is below the CST of all polymers.
They are very similar also to the PEG-grafted SPION (cf.,
Figures 1 and 3). Interestingly, in contrast to PEG, most of
these polymers show non-negligible interactions with BSA as
free polymer coils (Figure S4); only PNiPAm showed very low
interaction with BSA, whereas there were exothermic
interactions registered for all free poly(oxazoline) coils. The
association of BSA is in all cases stronger to the polymergrafted SPION than that to the free polymers. When pondering
this comparison, one must also consider that the nanoparticles
are much larger than single free polymer coils. Fitting the ITC
data with the same model as for the PEG-grafted SPION
yielded dissociation constants in the 10 μM range with no
statistically relevant diﬀerences to the PEG-grafted particles
with the same core size (Table 2). Very similar enthalpies and
entropies of binding were also observed. It should be noted that
these other polymers have a higher molecular weight and
therefore a slightly denser shell than the PEG-grafted SPION.
At a constant grafting density, they therefore have higher
organic content and in several cases larger average hydrodynamic size than the PEG-grafted SPION (see Table 1). A
higher number of protein, n, seemed to bind per particle for the
poly(oxazoline)- and PNiPAm-grafted particles, i.e., on average
7−10 proteins per particle compared to 0.5−3 proteins per
particle on average for PEG-grafted SPION. The particles
showing a higher number of associated proteins have larger
polymer shells, which would correspond to both a larger area to
adsorb to and a larger volume to adsorb into; this could
account for most of the observed increase in the protein-toJ
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Table 6. Thermodynamic Parameters Fitted to the ITC Titration Curves for the Interaction between BSA and PEtOx (0.7
Chains/nm2) Particles at Diﬀerent Temperatures
temperature [°C]
15
25
30
35
40

n [sites]

KD [μM]

ΔH [kJ/mol]

9.7
7.2
6.2
5.5
5.3

20.5
11.8
8.5
6.2
5.1

−335
−335
−335
−335
−335

±
±
±
±
±

3.4
2.5
1.8
1.0
1.4

±
±
±
±
±

8.4
4.7
2.8
1.4
1.8

Figure S3. A lower grafting density of PEtOx led to lower
measurement stability and a dramatic increase in binding free
energy at temperatures approaching the CST of the PEtOx
brush, whereas a higher grafting density yielded a more stable
and constant decrease in interaction free energy with
temperature (Figure S3). Clearly, the reduction in density of
the strongly repellant brush reduces the ability to withstand
protein adsorption, which leads to a more pronounced
dependence on temperature as well.
If we investigate the entropy and enthalpy of interaction
obtained by ﬁtting the titration curves at diﬀerent temperatures,
we ﬁnd that they evolve consistently with temperature (see
Tables 3−6). In particular, it seems that ΔS for the BSA−
nanoparticle interaction observes a quite strong temperature
dependence, which again can be rationalized from the Tdependent properties of the polymer brush. This is also clearly
an eﬀect that is observed more strongly for the PEtOx-grafted
nanoparticles and the smallest PEG-grafted nanoparticle than
for the larger PEG brush nanoparticles with denser polymer
brush shells. The overall T dependence of the nanoparticles
with T-responsive shells is much stronger than that of the less
responsive PEG brush shells, leading to the highest binding
energy for the PEtOx-grafted nanoparticles close to body
temperature. Finally, from a methodological perspective, we
note that a T dependence in ΔS due to the polymer transition
in close to theta solvent conditions favors the ITC analysis of
the thermodynamic parameters from the titration curve over a
traditional van’t Hoﬀ analysis.
For a quantitative analysis, it is important to realize inherent
uncertainties when working with nanoparticle dispersions. The
measured stoichiometry or average number of binding sites per
particle, n, relies on that the concentrations of albumin and
SPION are correctly known. To calculate the concentration of
SPION samples, which are colloidal dispersions, we use the
core diameter determined by TEM and the organic fraction
determined by TGA to calculate the molarity of particles from
the mass of small amounts of particles weighed in by a
microbalance. Because of these steps of sample preparation and
measurement uncertainties, the calculated molarities could have
systematic errors. Additionally, the dispersions of SPION must
be ﬁltered before the measurements. There was no noticeable
loss of particles during ﬁltration because of their very high
colloidal stability, but the ﬁltration adds an additional
uncertainty in the molarity used for the calculation. Albumin
is known to aggregate over time at high concentration, which
after ﬁltration can lead to a reduction of the concentration.
Adding up these uncertainties in the molarities used for the
thermodynamic calculation means that we should treat the
obtained values as order of magnitude estimates, although
trends in the data are expected to be conserved from such
systematic errors that are similar for the diﬀerent samples and
always work in the same direction.
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Finally, the SPION used in our study are designed as
excellent contrast agents for magnetic resonance imaging,
providing a well-deﬁned and colloidally stable particle platform
with high relaxivity and possibility to do cellular targeting.28
Clinically used contrast agents have multiple iron oxide
nanoparticles enwrapped in a physisorbed shell of dextran,
forming multicore, dynamic and hydrodynamically large
aggregates. This structure has been shown to lead to low
colloidal stability over longer periods of time in serum and to
high nonspeciﬁc cell uptake compared to, e.g., single-core
SPION with irreversibly grafted PEG brushes.28 Interestingly, a
representative commercial contrast agent, such as Resovist,
showed negligible interaction with BSA (Figure S6) and FBS
(Figure S3d) measured by ITC, similar to that for free dextran.
An ITC experiment, however, measures interactions on the
time scale of minutes, whereas the instability of dextran-coated
SPION is observed over longer time scales. This demonstrates
a limitation of using ITC measurements of protein interactions
as a predictor of in vitro and in vivo nanoparticle stability.
All core−shell SPION grafted with a polymer brush had
unfavorable entropy for the protein binding in the range 0.5−
1.1 kJ/mol/K, indicating the penalty of displacing water from
the polymer brush and restricting the conformational freedom
of the polymer in the brush. The large favorable enthalpy of
binding compensates for this and makes the interaction overall
favorable. It is notable that the entropic penalty and the
enthalpic gain from protein binding are comparable and that
the brush thereby seems to play an important role in
suppressing protein binding even if the binding might occur
to defects within the brush in analogy with the results of Parak
and co-workers for nanoparticles grafted with PEG mushrooms
mentioned above. The binding energy is on the order of one
hydrogen bond and is therefore a signiﬁcant but quite weak
interaction per protein and on the order of 10kBT; this is
suﬃcient to keep nanoparticles and proteins associated if they
are not under mechanical, thermal, or other stress.
The indication of strong average association (∼10kBT) of
albumin to the core−shell SPION made us check whether at
least some of the protein is strongly enough adsorbed that it
can be found bound to the particles also after separation of
excess protein. For this, we incubated the samples for 1 h at the
same concentration and volume used at the end of the ITC
measurements and spun down the sample six times using a 100
kDa Amicon ﬁlter. Six cycles were chosen because a sample of
BSA without SPION showed complete removal of BSA after
this procedure. Residual BSA bound to the particles was
dissolved by adding buﬀer containing SDS, and then the sample
was run through one-dimensional (1D) SDS-PAGE. A typical
gel with controls is shown in Figure 4, and demonstrates
remaining BSA for all incubated core-shell nanoparticles.
There is a lack of similar nanoparticle systems in the
literature, i.e., inorganic core nanoparticles with densely grafted
polymer brush shells, for which the thermodynamic parameters
K
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entropy were within 1 order of magnitude comparable to our
results for BSA adsorption to core−shell nanoparticles. For 200
nm in diameter 100% PNiPAm particles, the parameters are
almost identical for both enthalpy (−280 kJ/mol compared to
our −335 kJ/mol) and entropy (−0.88 kJ/mol/K compared to
our −1.03 kJ/mol/K), which might indicate a similar
adsorption mechanism despite the diﬀerence in structure. A
much larger amount of protein is bound per particle than that
for our core−shell nanoparticles, which is likely mainly due to
the much larger area of the polymer particles used by Linse and
co-workers. These similarities in the thermodynamic interaction
parameters for albumin and dense, essentially hydrogel,
polymer particles without core and our particles may suggest
that the dense polymer shell also dominates the attractive
interaction, and not the underlying core.
Smaller polymer nanoparticles have shown similar aﬃnities.
Bhattacharya et al.50 measured the interaction of polymer
nanodots (∼5 nm in diameter) with human serum albumin
using ITC. Also, in their work, the KD (∼2 μM; ΔG ≈ −30 kJ/
mol) was close to that of our particles, with a likewise similar
stoichiometry of the interaction of 1:1 particles-to-albumin. A
major diﬀerence, however, was that the interaction was
endothermic, which likely was due to the charged end-group
termination of the polymer and formation of hydrogen bonds
during protein binding.
Our results also seem in line with recent high-proﬁle
work,4,16 regarding the role of the adsorbed protein corona for
the stealth eﬀect of PEGylated nanoparticles. We show that
nanoparticles grafted with a polymer brush, regardless of type
of nonfouling polymer within the study, exhibit strong
association with serum proteins (albumin) while still almost
completely suppressing cell uptake. Schöttler et al. even
suggested that PEGylated nanoparticles are only “stealth”
after adsorption of a corona of proteins.16 In particular,
adsorption of clusterin was described as necessary to suppress
cell uptake of PEGylated nanoparticles. However, it should be
noted that the nanoparticles in the study by Schöttler et al. are
both 1 order of magnitude larger than ours and have more than
10 times lower grafting density of PEG of less than half the
molecular weight; this means that the surface of the core is
highly accessible to direct adsorption of protein within the
brush and signiﬁcantly more so than that in the study by Parak
and co-workers17 discussed above. The number of proteins
associated per particle or particle surface area in our study is
orders of magnitude lower than in these previous studies,
although the KD of the protein binding is similar. Furthermore,
Koshkina et al. compared adsorption of serum proteins on 9
nm polymer core particles grafted with PEtOx and PEG using
size measurements in situ and analysis of adsorbed proteins
after separation.51 These particles are similar to ours in size and
structure but again have an eﬀective polymer grafting density
that is ten times lower and thereby do not correspond to a
polymer brush. They demonstrated that protein adsorption
resulted for all particles in serum with no signiﬁcant diﬀerence
between nanoparticles grafted with PEG or PEtOx. The
nanoparticles grafted with PEG or PEtOx and with an adsorbed
protein corona had much lower cell uptake than particles
stabilized by charge, which are also expected to attract strong
protein adsorption; in the case of PEtOx-grafted particles, the
stability was observed over days.
Our observations regarding proteins associating with
polymer brush-functionalized nanoparticles despite suppressed
cell uptake (stealth eﬀect) are compatible with all of these

Figure 4. 1D SDS-PAGE of protein dissolved from core−shell SPION
samples after incubation with BSA and separation of free BSA in the
supernatant. (1,8) Standards; (2−4) PEG-grafted SPION with 3.3, 6.7,
and 8.0 nm cores, respectively; (5) PiPOx; (6) PEtOx (0.4 chains/
nm2); (7) PiPOx-co-PEtOx; (9) BSA after six centrifugation cycles;
and (10) BSA without centrifugation.

for interactions with proteins have been investigated. The few
studies that exist are not investigating the temperature
dependence of the protein−nanoparticle interaction. Guo and
co-workers47 used ITC to measure the interaction between
albumin and core−shell nanoparticles comprising a larger (100
nm) PS core grafted with protein-repelling poly(N-hydroxyethyl acrylamide) of high molecular weight and with a ﬁnal
average particle hydrodynamic diameter of ∼200 nm measured
by DLS. As in the study of Parak et al., it should be noted that
the grafting density was low, ∼0.1 chains/nm2, which even for
nanoparticles with low curvature suggests a density lower than
that of a brush and lower than that of the low grafting density
PEtOx shown here to have a much higher temperature
sensitivity than densely grafted PEtOx particles. The low
polymer grafting density could thus contribute to both the
observed nanoparticle aggregation and the strong protein
adsorption. Hence, Guo and co-workers measured a slightly
stronger binding of albumin to the particles (ΔG = −34 kJ/
mol) and a much higher number of albumin bound per particle
(n ≈ 1670),47 which indicates a substantial permanent protein
corona even after considering the size diﬀerence. These
diﬀerences to our observations might be due to a diﬀerent
adsorption mechanism. Guo and co-workers describe the
protein adsorption as predominantly entropy driven, whereas in
our case, it is purely enthalpy driven.
It is noteworthy that the dissociation constants in the
micromolar range that we report are about a factor of 3 higher
than what was measured by Linse and co-workers for albumin
adsorption to N-isopropylacrylamide-co-N-tert-butylacrylamide
(poly(NiPAm-co-BAm)) copolymer particles without a solid
core, for which the hydrophobicity was varied.48,49 Contributing to this diﬀerence could be a stronger vdW attraction from
the SPION core than from a less dense and hydrated polymer
particle as well as a possibly higher density of the polymer
brush on the SPION. Linse and co-workers also investigated
the hydrophobicity/hydrophilicity eﬀect on the BSA adsorption
to copolymer nanoparticles with size 70−700 nm.49 They made
particles from 100% hydrophilic PNiPAm to 50% hydrophobic
BAm-co-NiPAm copolymer. For all cases, both enthalpy and
L
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nanoparticles for biomedical use to consider whether it is the
properties of adsorbed protein or that they are in a dynamic
equilibrium at the surface of the nanoparticles that cause the
diﬀerence in cell recognition and uptake of diﬀerently protein“coated” core−shell nanoparticles.

previous studies, although we observe lower surface coverage of
protein and are not likely to have protein strongly bound
directly to the particle core surface. What all studies have in
common is that the combination of steric stabilization of
grafted polymer brushes and a limited, not too strongly
adsorbed, amount of protein on the surface of nanoparticles
strongly reduces nonspeciﬁc recognition and cell uptake. We
speculate that the key to this performance is not the total
prevention of serum protein adsorption on the nanoparticle
surface but the ability of such particles to withstand colloidal
aggregation; both the surface-bound polymer and associated
proteins that maintain a nativelike conﬁguration contribute a
steric spacer to the much stronger attractive colloidal
interactions with the particle core. A dense polymer brush
can thereby still be advantageous compared to less dense
polymer grafts or physisorbed polymers as it both promotes
steric stabilization and prevents protein denaturation by
maintaining the association with the particle surface weak and
uniform.

■

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcb.8b02338.
ITC curve for BSA and FBS injected to buﬀer; ﬁts to the
heat of injection with n ﬁxed; comparison of T
dependence of ΔG for BSA binding to PEtOx-grafted
nanoparticles; FBS injected to PEGylated SPION; BSA
injected to free polymer and Resovist; temperaturedependent ITC curves and ﬁts to heat of injection for
PEG 3.3 nm, PEG 6.7 nm, PEG 8.0 nm, and PEtOx (0.7
chains/nm2); TEM images of the iron oxide cores; TGA
curves for polymer-coated SPION; and attached is the
table of c-values, a table of enthalpies and entropies from
a van’t Hoﬀ analysis of the titration data, and a table of
thermodynamic parameters for the interaction between
FBS and PEGylated SPION (PDF)

CONCLUSIONS
In summary, we have performed the ﬁrst ITC study of protein
interaction with nanoparticles grafted with dense spherical
polymer brushes. We have shown that serum proteins,
speciﬁcally albumin, also adsorb to nanoparticles with cores
smaller than 10 nm and stealth polymers grafted at spherical
brush densities. This is observed despite the remarkable high
colloidal stability and low cell uptake of these core−shell
nanoparticles. Although the number of adsorbed proteins per
particle is low, the adsorption energy is high enough to ensure
micromolar dissociation constants and near irreversible
adsorption of at least some protein for physiological conditions.
The binding aﬃnity of albumin was similar over a range of
diﬀerent stealth polymer brushes, but the number of proteins
bound per particle seemed slightly lower for PEGylated
particles than for particles grafted with poly(oxazoline) or
PNiPAm. Measuring the interaction of serum concentrations of
BSA was also a good model for the protein interaction of full
serum. A strong temperature dependence of the protein
interaction with polymer-grafted nanoparticles was observed
that correlated with the polymer brush solubility transition
temperature. The strong dependence of the system and thereby
interaction entropy with temperature invalidated a classical
van’t Hoﬀ analysis of the interaction enthalpy. On the basis of
our results, it is highly unlikely that adsorption of certain
proteins is required for low cell uptake of surface-functionalized
nanoparticles, as recently reported for large particles with low
polymer grafting density. We demonstrate similar results
regarding stealth eﬀect with only ∼1 protein associated per
nanoparticle with on average of ∼10kBT binding energy.
Tentatively, BSA associates with the polymer brush surface in
an enthalpically driven binding interaction that depends on
direct interaction with the dense polymer brush rather than
with the inorganic core. Because less dense polymer grafting
tends to lead to particle aggregation as well as strong protein
adsorption and opsonization, as also observed here, it is
interesting to consider whether the polymer brush density of
spherical polymer brushes can at all be optimized to ensure
both colloidal stability and no attractive interaction with serum
proteins. In the light of our earlier work showing that covalent
linking of already a few proteins (avidin) to the polymer brush
of such nanoparticles leads to pronounced increase in cell
uptake,28 it is also interesting for further development of
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Müllen, K. Isothermal Titration Calorimetry: A Powerful Technique
To Quantify Interactions in Polymer Hybrid Systems. Macromolecules
2009, 42, 7545−7552.
(34) Bouchemal, K. New Challenges for Pharmaceutical Formulations and Drug Delivery Systems Characterization Using Isothermal
Titration Calorimetry. Drug Discovery Today 2008, 13, 960−972.
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Motivation of and contribution to study:
Poly(ethylene glycol) (PEG) and Poly(N-isopropylacrylamide) (PNIPAM) dominate the
biomedical field for core-shell nanoparticles with respect to polymeric dispersants used
for the colloidal stabilization of nanoparticle cores in general and SPION cores in
particular, although both polymers come with serious disadvantages. Besides growing
PEG antibody production in the population, PEG cannot be tailored to tune
responsiveness to the environment, such as thermally induced transitions in solubility.
For this reason, the use of similar strongly hydrated but thermoresponsive polymers as
shell material is advantageous, as they have not yet caused wide-spread immune system
reactions and they can chemically be designed to allow thermally triggered solubility
transitions. This feature coupled with iron oxide cores is especially interesting as the cores
can supply magneto-thermal heating in response to an external alternating magnetic field
to change the solvation of the polymer shell and thereby the aggregation state of the
entire nanoparticle. This could be used, for example, in molecular/ drug release
applications or for enhanced magnetic extraction, as magnetic separation on freely
diffusing individual SPION is not possible while clustered nanoparticles can be extracted
using a fixed magnet.
The majority of studies on thermoresponsive core-shell nanoparticles have focused on
PNIPAM brush or hydrogel shells. Although, suitable for some purposes, the transition
temperature below body temperature and its low biocompatibility limits the use of
PNIPAM in the biomedical field. Polyoxazolines are potential candidates to replace both
PEG and PNIPAM for the colloidal stabilization of nanoparticles as they combine high
hydration, high biocompatibility and low toxicity with ease of synthesis and tunable
responsive behavior.
In this work, poly (2-isopropyl-oxazoline) (PiPOx), poly (2-ethyl-oxazoline) (PEtOx) and
a PiPOx/PEtOx copolymer were used to stabilize SPION cores. While PiPOx displays a
critical solution temperature lower than body temperature, PEtOx shows a solubility
transition significantly above 37 °C also in physiological solutions. The critical solution
temperature can easily be manipulated by copolymerization of the respective monomers,
allowing to adjust the transition temperature freely in the interval between the two
94

homopolymers, which were used to make a random copolymer with a CST close to body
(cell culture) temperature in cell culture medium.
The aim of this work was to produce well-defined SPION grafted with a dense,
spherical poly (2-alkyl-oxazoline) brush shell and investigate their colloidal properties
relating to biomedical and biotechnological applications. In particular, we investigated the
influence of the grafting process, the shell composition and dispersion medium on the
thermoresponsive colloidal properties. The results of these investigations were correlated
with cell uptake and toxicity of the various poly (2-alkyl-oxazoline) grafted SPION in their
various thermal phase states.
My contribution to this work was to design, conduct and analyze the cell experiments
and the calorimetric measurements. I contributed to the writing of the manuscript.
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Controlled aggregation and cell uptake of
thermoresponsive polyoxazoline-grafted
superparamagnetic iron oxide nanoparticles†
Steﬀen Kurzhals, Noga Gal, Ronald Zirbs and Erik Reimhult*
Hydrophilic polymer-coated iron oxide nanoparticles are potential materials for a plethora of applications
in the biotechnological ﬁeld. Typical such polymers, e.g. dextran or poly(ethylene glycol), lack the ability
to tailor the biological response to an environmental trigger, while common responsive polymers such as
poly(N-isopropylacrylamide) or poly(acrylic acid) are not suitable for biomedical applications. We present
the synthesis and characterization of superparamagnetic iron oxide nanoparticles with thermoresponsive
polyoxazoline brushes grafted at unprecedented density using nitrodopamine anchor chemistry.
Reversible aggregation/deaggregation is observed in water and biological medium, conﬁrming control
over the colloidal stability. Thermal switching of the solubility could only be achieved by global heating of
the sample, while local magnetothermal heating did not produce a suﬃciently strong temperature gradient through the brush. Varying the polymer composition allows for tuning of the lower critical solution
temperature (LCST) as well as the average nanoparticle cluster size obtained upon heating. The LCST of
polyoxazolines and the thermal colloidal stability are shown to be greatly aﬀected by ion concentration,
by polymer grafting density and also by the presence of serum protein; this shows that transition temperatures of free polymers in water can be very misleading for the design of polymer-coated nanomaterials
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for biomedical applications. Finally, the thermoresponsive SPION are shown to be non-cytotoxic and with
a low cell uptake scaling with the hydration of the polymer brush, which is tuned by the polymer composition.

DOI: 10.1039/c6nr08654c

Thus, we demonstrate that pozylated nanoparticles provide the advantages of PEG- and PNIPAM-grafted
nanoparticles, but provide a tunable and more easily functionalizable platform for further development.
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1.

Introduction

Superparamagnetic iron oxide nanoparticles (SPION, 3–15 nm
in diameter) have attracted considerable interest in the biomedical and biotechnological fields due to their high biocompatibility and useful magnetic properties.1–3 Important
applications include magnetic resonance imaging,4,5 drug
delivery,6 hyperthermia,7 and in vitro diagnostics such as separation,8 and molecular and cellular fishing.9,10 These applications are still under development since they require control
over the colloidal stability of the SPION in various in vitro and
in vivo environments. Nanoparticle aggregation and interaction
with proteins and cells can be controlled by grafting of a
hydrophilic polymer shell to the nanoparticle surface.11
Attachment of a dense, thick, stably bound and strongly
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hydrated polymer shell is required to prevent aggregation.
Such shells keep nanoparticles dispersed by steric-osmotic
repulsion that is also eﬃcient at physiological ionic strength
and in molecularly crowded dispersions. Surface modification
of polymer-stabilized SPION has focused on either dextran for
physisorbed and crosslinked shells with high polydispersity or
poly(ethylene glycol) (PEG) for end-grafted brush shells with
low polydispersity.11–13 The latter has the advantage that nanoparticle architecture can be controlled precisely, however it
requires an irreversible, but sterically small anchor per chain
to acquire a suﬃciently dense shell.11 Nitrocatechols have
been proven to be eﬃcient and irreversible anchors for the
modification of metal oxide surfaces with ligands such as
PEG and short hydrophobic chains.14–17 Recently, thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) brush shells
were also grafted using nitrodopamine anchors.18
With brush thickness and hydration determining the
colloidal interactions and stability of such core–shell nanoparticles, it is tempting to achieve versatile applications using
polymers that can alter their hydration and brush thickness.19,20 With increasing discussion of the dangers of the too
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widespread use of PEG in biomedical applications and its
unfavourable susceptibility to hydrolysis, it is also tempting to
look for alternatives for SPION stabilization.21–23 The biocompatibility of the most well-known thermoresponsive polymer
PNIPAM is still under debate due to the H-bonding amide
group, and importantly, it also has a lower critical solution
temperature (LCST) below body temperature, which prevents
its use as a meaningful dispersant for biomedical
nanoparticles.24
Polyoxazolines have emerged as an attractive alternative to
PEG among the class of water-soluble, non-ionic polymers;
they combine easy synthesis and biocompatibility.25 They also
show thermoresponsive hydration.26 Polyoxazolines are therefore highly interesting and suitable to coat materials for the
delivery of drugs,25,27 genes, proteins or radionuclides.28,29
Polyoxazolines display low immunogenicity25 and biodegradation;30 they show enhanced diﬀusion through mucosal
barriers31 and they are readily cleared from the body without
severe side eﬀects.25,28,29 Compared to PEG they are stable in
water at room temperature.25 By controlling the monomer
composition of polyoxazolines, their hydration with respect to
temperature can also be controlled, giving them thermoresponsive properties similar to PNIPAM but a tunable
LCST.26,32 Poly(2-isopropyloxazoline) (PIPOX), a structural
isomer to PNIPAM, exhibits a transition temperature close to
body temperature. So far, few examples of polyoxazolinemodified nanoparticles have been reported in the literature.
Mayer et al. applied poly(2-ethyloxazoline) (PETOX) as a dispersant in situ during gold nanoparticle synthesis.33,34 Core–shell
systems with titanium oxide,35,36 silica,31,37–39 iron oxide40,41
or polyorganosiloxane-cores42,43 were prepared by physical
blends35,36,40,41 or grafting-to reactions.31,37–39,42,43 Thiolated
silica particles (approx. 50 nm) were modified by thiol–ynereaction with PETOX (5 kDa). The pozylated NPs proved
superior in the permeation of gastric porcine mucosa, exhibiting higher diﬀusion coeﬃcients than pegylated NPs or than
the initially prepared thiolated NPs.31 Silica nanoparticles
(31 nm) modified with PETOX (1.7–3.2 kDa) were also prepared
by silane coupling chemistry.37 Gann et al.38 attached PETOX
(50–500 kDa) by UV-mediated nitrene coupling chemistry
using azido-modified silica-NPs (93 nm) with grafting densities
(σ) up to 0.03 chains per nm2. Bissadi et al.39 prepared silica
NPs (43 nm) coated with poly(2-methyloxazoline) PMeOx
(2.5 kDa) by azide–alkyne click-chemistry (σ: 0.18–0.45 chains
per nm2) giving the dry thickness of the shell (ellipsometry) as
3.6–4.4 nm. The grafting of PIPOX (8 kDa) and PETOX
(6.3 kDa) onto polyorganosiloxane cores (9 nm) utilizing thiolMichael addition was reported by Koshkina.42,43 The thermoresponsive nanoparticles (grafting density: 0.06 chains per
nm2) showed a lower LCST than the free polymer and were
used for temperature-triggered protein adsorption.42
In summary, the synthesis of pozylated NPs with a dense
brush suitable for biomedical applications and controlled
LCST has not been demonstrated; nor has the colloidal and
cell interactions of such nanoparticles been investigated.
Pozylated SPION should therefore be investigated for their
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potential to become a more robust and versatile tool than the
current state-of-the-art pegylated core–shell SPION.
We report on the synthesis of monodisperse superparamagnetic iron oxide nanoparticles grafted with dense and
stable shells of thermoresponsive polyoxazolines with LCST
tuned above body temperature. Thus, we can vary the architecture of the SPION as well as reversibly alter their physicochemical properties by adjusting the temperature around and
above body temperature. By thermal and magneto-thermal
actuation, we investigate their colloidal properties in water and
biological media, as well as correlate this behaviour to cell
uptake and biocompatibility.
Our goal was to achieve core–shell SPION end-grafted with
a dense polyoxazoline brush with a tailored LCST such that
they show low or high hydration at physiological temperature.
Using SPION cores it is possible to envision that both heating
and extraction are achieved by magnetic means,18 leading to
applications where magneto-thermally controlled cell uptake
and/or molecular capture and release can be envisioned. We
demonstrate the properties of PIPOX/PETOX-grafted SPION in
this respect as well as their interaction with HeLa cells. We
thereby demonstrate that pozylated SPION provide the advantages of PEG- and PNIPAM-grafted nanoparticles, but provide a
tunable and more easily functionalizable platform for further
development. Most importantly, we demonstrate also how the
biological medium strongly aﬀects the thermoresponsiveness
and colloidal stability of pozylated SPION, which will strongly
aﬀect the design of thermoresponsive nanoparticles for biomedical use.

2. Experimental section
2.1

Materials

Oleic acid SPION and 6-nitrodopamine (NDA) were prepared as
reported previously.44,45 Syntheses of PNIPAM-NDA grafted
SPION and PEG-NDA coated SPION were described previously.18,46 For this publication PNIPAM-SPION (10.7 ± 0.9 nm
core diameter, PNIPAM 20 kDa, grafting density: 1 chain
per nm2) and PEG-SPION (8.0 ± 0.3 nm core diameter,
PEG 5 kDa, grafting density: 1 chain per nm2) were used.
2-Isopropyloxazoline (95%) was purchased from TCI
Chemicals Europe. Fetal Calf Serum (FCS) was purchased from
Thermo Fischer Scientific. Anhydrous acetonitrile (ROTIDRY®
≥99.9% (≤10 ppm H2O)) was purchased from Carl Roth.
2-Ethyloxazoline and 2-isopropyloxazoline were dried over
calcium hydride and distilled at reduced pressure. Methyl tosylate was purified by distillation. COMU (≥99%, Carl Roth):
(1-cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylaminomorpholino carbenium hexafluorophosphate, DIPEA (99.5%,
Sigma Aldrich): N,N-diisopropylethylamine.
2.2

Polymerization (PIPOX/PETOX(87/13))

Polymerization reactions were performed in a Glovebox
(GS Glovebox Systemtechnik GmbH) with the water-level
<1 ppm and oxygen-level <5 ppm. A flask was charged with
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2-isopropyloxazoline (1 mL, 1.05 mmol) and 2-ethyloxazoline
(0.05 mL, 0.049 mmol) in anhydrous acetonitrile (3.5 mL). The
flask was placed in a preheated oil bath at 70 °C. The polymerization was started by adding a solution of methyl tosylate in
acetonitrile (0.3 mL (stock solution: 0.1 mL methyl tosylate in
4 mL acetonitrile)). The reaction was quenched after 72 h by
addition of water (three drops) and stirred overnight. The
polymer was precipitated by dropping the reaction solution
into hexane/diethyl ether (v/v: 4/1), collected by centrifugation
and dried in vacuo (860 mg, 86%), GPC (DMF with LiBr
(0.05 M)): 15 kDa, Đ: 1.1.
2.3

Carboxyl-terminated polyoxazoline

A solution of hydroxy-terminated PIPOX/PETOX(87/13)
(700 mg, 0.047 mmol), succinic anhydride (30 mg, 0.3 mmol)
and DMAP (18 g, 0.15 mmol) in toluene (10 mL) was refluxed
for 24 h. After cooling to room temperature, the product was
precipitated in hexane/diethyl ether (v/v: 4/1). The polymer was
collected via centrifugation and dried in vacuo (600 mg, 86%).
2.4

Nitrocatechol-terminated polyoxazoline

Carboxyl-terminated polyoxazoline (600 mg, 0.04 mmol),
COMU (30 mg, 0.07 mmol) and DIPEA (13 µL) in DMF (5 mL)
were reacted for 10 min to activate the polymer. A solution of
6-nitrodopamine hydrogen sulfate (40 mg, 0.13 mmol) and
DIPEA (27 µL, 0.15 mmol) in DMF (1 mL) was added and the
reaction solution was stirred for 3 days. The solution was
dropped into hexane/diethyl ether (v/v: 4/1) to precipitate the
polymer. The yellow residue was washed with hexane, air-dried
and dissolved in MilliQ water. The aqueous solution was dialyzed (membrane cut-oﬀ size 3.5 kDa) to remove free nitrodopamine and reaction by-products. The polymer was
obtained after freeze-drying (290 mg, 48%). 1H-NMR for PIPOX
(100)-NDA δH(300 MHz; CDCl3) 7.68 (1H, s, Ar–H), 6.87 (1H, s,
Ar–H), 4.20 (2H, CH2OCO–), 3.47 (4nH, –N–CH2CH2– PIPOX),
2.65–2.88(1nH, CH(CH3)2, PIPOX), 1.10 (6nH, CH(CH3)2,
PIPOX). FTIR: νmax/cm−1 2970, 2932, 2873, 1635s, 1472, 1427s,
1384, 1365, 1236, 1202, 1158s, 1131, 1108, 1087, 1047, 928,
883, 751, 499, 429. 1H-NMR for PIPOX/PETOX(87/13)-NDA
δH(300 MHz; CDCl3) 7.68 (1H, s, Ar–H), 6.87 (1H, s, Ar–H),
4.20 (2H, CH2OCO–), 3.45 (4nH, –N–CH2CH2– PIPOX, PETOX),
2.65–2.89 (1nH, CH(CH3)2, PIPOX), 2.28–2.39 (2nH, CH2CH3,
PETOX), 1.09 (6nH, CH(CH3)2, PIPOX, 3mH, CH2CH3, PETOX).
FTIR: νmax/cm−1 2967, 2927, 2872, 1632s, 1474, 1423s, 1380,
1363, 1279, 1235, 1201, 1158 (s), 1086, 928, 752, 582s, 415.
Degree of end-group functionalization: up to 66%.
2.5

“Grafting-to” reaction

As prepared, SPION coated with oleic acid (50 mg) and catechol-terminated polyoxazoline (140 mg) were suspended in
DMF (5 mL) and reacted under ultrasonication for 24 h. The
solution was dropped into hexane/diethyl ether (v/v: 4/1) to
precipitate the raw product. The brown residue was washed
with hexane and air-dried. The core–shell nanoparticles were
purified by dialysis against MilliQ water (membrane cut-oﬀ
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1000 kDa) for 24 h. Polyoxazoline modified SPION were
obtained after freeze-drying as a brown solid (20 mg).
2.6

Analytics

1

H-NMR spectra of polymers were measured on a BRUKER
AV III 600 spectrometer. Chemical shifts were recorded in ppm
and referenced to a residual protonated solvent (CDCl3:
7.26 ppm (1H)). Polyoxazoline molecular weights were measured
by GPC on an adapted Dionex HPLC, equipped with a P680
HPLC pump, an ASI-100 autosampler and a STH585 column
oven. The GPC setup consists of three MZ Gel SDPlus columns
(a precolumn followed by two columns with separation ranges
of 10–2000 kDa and 1–40 kDa, respectively). As a detector, a
Knauer Smartline RI Detector 2300 was applied. As an eluent,
DMF with LiBr (0.05 M) was used. Samples with a concentration
of 3 mg mL−1 were injected and measured at 60 °C with a flow
rate of 0.8 mL min−1. Chromeleon 6.80 with the extension pack
V02 was used for analysis. Polystyrene standards 1.5–651
kg mol−1 were used for external calibration. Transmission electron micrographs were recorded on a FEI Tecnai G2, with a
160 kV acceleration voltage on silicon monoxide coated grids.
Nanoparticle size distributions were calculated with the freeware Pebbles47 based on the analysis of >500 NPs. IR spectra of
lyophilized samples were recorded on a Bruker Tensor 37 FTIR
spectrometer at a resolution of 4 cm−1, averaging 32 scans.
Thermal gravimetric analysis of the core–shell nanoparticles
was performed on a Mettler Toledo TGA/DSC1, with 80 mL min−1
synthetic air as the reactive gas and 20 mL min−1 nitrogen
as the protective gas and at a heating rate of 10 K min−1
from 25 to 650 °C. Mass loss from 200 to 500 °C was assigned
to the polyoxazoline–NDA shell while residual mass was
assigned to the inorganic core. Mass loss up to 200 °C is due to
moisture or solvent residues. DLS measurements (hydrodynamic size, LCST and temperature cycling experiments) were
conducted on a Malvern Zetasizer Nano-ZS. Mean values and
standard deviation were calculated from three runs. Samples
were dissolved in MilliQ water or fresh RPMI1640 medium,
which for some experiments contained 10 vol% FCS and were
filtered with a 0.45 µm regenerated cellulose filter. DSC
measurements on NP dispersions in MilliQ water (400 µL, 1 mg
mL−1) were performed using a MicroCal* VP-Capillary DSC
System at a heating rate of 1 °C min−1. Data processing was
done using the MicroCal VP-Capillary DSC Automated data analysis from Origin software. Enthalpy calculation is based on the
mass fraction of polyoxazoline–NDA in the material, as determined by TGA. Magnetic heating of the nanoparticles in an
alternating magnetic field was performed with an Ambrell Easy
Heat LI at a field strength of 94 mT (current: 438.9 A, frequency:
228 kHz, coil dimension (height × outer diameter × coil thickness × number of turns = 37 mm × 37 mm × 2 mm × 6)). The
sample was dissolved in MilliQ water at a concentration of
3 mg mL−1 and filtered with a 0.45 µm regenerated cellulose filter.
2.7

Cell tests and culturing

HeLa cells were grown in RPMI-1640 medium supplemented
with 10% (v/v) heat-inactivated fetal calf serum, 2 mM
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L-glutamine + 1% HEPES buﬀer, antibiotics (antibiotic antimycotic solution (100×), Sigma Aldrich) and amino acids (nonessential amino acid solution (100×), Sigma Aldrich) under a
humidified 5% CO2 atmosphere at 37 °C. Viability measurements were carried out by the PrestoBlue® cell viability assay.
In short, HeLa cells were seeded on a 96 well plate, 100 µL cell
per well for 24 hours (seeding concentration: 5 × 105 cells per
well). After addition of a dispersion of NPs in MilliQ (10 µL,
1 mg mL−1) the cells were incubated for 24 hours. MilliQ
(10 µL) was added instead of the NP-dispersion to the control
samples (negative control). 10 µL of Presto Blue reagent were
added per well and incubated for one hour. Reading was performed using a Tecan infinite F200 plate reader with an excitation filter 560 ± 20 nm and an emission filter 595 ± 35 nm.
The background was collected using a medium with Presto
Blue reagent. Viability (%) was defined as (X/Xc) × 100 where
X is the average value read from NP-incubated cell samples,
and Xc is the average value read for control samples. Each
sample had six identical repeats. Error bars were calculated
using standard deviation. For iron labelling, HeLa cells were
seeded on a 12 well plate with 1 mL of cell suspension per
plate, and incubated for 24 h. 100 µL of MilliQ or NP-dispersion in MilliQ (1 mg mL−1) were added and incubated
again for 24 h. Each sample had three repeats. The medium
was collected in Eppendorfs, and each well was washed using
250 µL PBS, which was collected and added to the medium.
500 µL NaOHaq (50 mM) was added to each well, and incubated on the shaker at room temperature overnight. 100 µL of
lysate were mixed with 100 µL diluted hydrochloric acid
(10 mM) and 100 µL releasing agent (a mixture (v/v = 1/1) of
hydrochloric acid (1.4 M) and 4.5% KMnO4-solution, which is
to be used immediately) and incubated at 60 °C for 2 h. After
incubation, the mixture was allowed to cool to room temperature, followed by the addition of 30 µL of the detection reagent
(6.5 mM ferrozine, 6.5 mM neocuproine, 2.5 M ammonium
acetate, 1 M ascorbic acid) and incubated for 30 min. Every
well had three repeats. Each sample was diluted with 250 µL
MilliQ (to reach a measurable filling level) and absorption was
measured at 564 nm. 50 µL aliquots of the collected medium
were mixed with 50 µL NaOH (100 mM), and then treated and
measured as described above. A calibration curve was made at
the beginning of every measurement day; a concentration
series (1–150 µM, FeCl3) was made in HCl (10 mM). Aliquots of
100 µL iron solution were mixed with 100 µL NaOH (50 mM),
and then treated and measured as mentioned before. The
Bradford method for protein quantification was used to calcu-

Table 1

late the cell concentration in each cell. In short, 10 µL of the
cell lysate were added to 500 µL Bradford reagent left for
30 min and then measured at 595 nm. For generating the
protein curve we used BSA 1 mg mL−1 in 50 mM NaOH
5–20 µg mL−1. The number of proteins per cell was measured
by counting HeLa cells in PBS using Trypan Blue counter and
creating a concentration curve using the protein quantification
assay to establish the correlation between the protein and cell
concentrations.

3. Results and discussion
3.1 Synthesis and characterization of nitrocatecholterminated polyoxazolines
Three polyoxazolines were prepared by cationic ring opening
polymerization in acetonitrile with methyl tosylate as the
initiator with diﬀerent feed ratios: 100% 2-isopropyloxazoline
(IPOX), 100% 2-ethyloxazoline (ETOX) and 95/5 ratio IPOX/
ETOX. Both homopolymers and the random co-polymer had
very similar molecular weights and polydispersities as determined by GPC (Table 1). NMR-analysis of the copolymer
revealed a slightly increased fraction of ethyloxazoline units
compared to the feed ratio (Fig. S1†). The hydroxyl-terminated
polymers were functionalized in a 2-step process (Scheme 1) to
give nitrocatechol-terminated polyoxazolines with a degree of
functionality of ∼66%.
Table 1 also reports the LCST measured for each free
polymer. The LCST was chosen as the midpoint temperature of
the aggregation step measured by DLS. The DLS data for the
free polymer solutions are shown in Fig. S5.† This determi-

Scheme 1 Synthesis of polyoxazoline-grafted SPION, (a) copolymerization of 2-isopropyloxazoline with 2-ethyloxazoline, methyl tosylate as
the initiator, termination with water, (b) succinic anhydride, DMAP, (c)
6-nitrodopamine, COMU, DIPEA, (d) oleic acid coated SPION.

Results of oxazoline polymerization and LCST determined by DLS on free polymer in pure water

Sample

Iso/eta

Iso/etb (NMR)

Conditions

Mn calc. (g mol−1)

Mn (GPC) (g mol−1)

Đ (GPC)

LCST (°C) (1 mg mL−1)

PIPOX(100)
PIPOX/PETOX(87/13)
PETOX(100)

100/0
95/5
0/100

100/0
87/13
0/100

70 °C, 3 d
70 °C, 3 d
70 °C, 3 d

20 000
20 000
20 000

16 500
15 000
14 000

1.1
1.1
1.1

48
55
>100c

Molar feed ratio: 2-isopropyloxazoline (iso)/2-ethyloxazoline (et). b Copolymer composition (molar fraction) determined by 1H-NMR. c LCST of
88.5 °C at 7 mg mL−1.

a
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swollen coils of polyoxazolines, but retains grafted core–shell
SPION.50
Aqueous dispersions of the SPION stabilized by polyoxazoline brushes dried onto grids were inspected by TEM, showing
randomly dispersed nanoparticles (Fig. S2†) with increased
core–core distances compared to oleic acid coated SPION. The
particles were stable in aqueous suspension showing welldefined hydrodynamic diameters, DH, listed in Table 2. DLS is
an indirect and uncertain method to determine the absolute
size of nanoparticle suspensions, but an estimate of the polyoxazoline shell thickness can be found by subtracting the core
radius from the hydrodynamic radius. This yields a brush
thickness on the order of 5–15 nm, which is progressively
thicker (more swollen) with increasing ETOX content at
similar molecular weights.
The core–shell NPs were investigated by FTIR. The spectrum
for Fe3O4/PIPOX/PETOX(87/13) is given in Fig. S3.† Stretching
vibrations of CH3 and CH2 groups (2967, 2927 and 2872 cm−1)
and the amide band ν(CvO) at 1632 cm−1 can be assigned to
the polyoxazoline shell,51 while the presence of the magnetite
core is confirmed by strong absorption at 582 cm−1.15 No band
at 1702 cm−1 is present showing the absence of physisorbed
oleic acid.15 The spectra of homopolymer- and copolymergrafted SPION are almost identical with only small changes in
the frequency e.g. ν(CvO) shifting from homopolymer PIPOX
to the copolymer from 1635 to 1632 cm−1 respectively.
The organic fraction and grafting density of the polyoxazoline-grafted SPION were determined by TGA, showing a mass
loss from 200 to 500 °C (Table 2, Fig. S4†). The mass loss
together with the remaining inorganic mass translates into a
calculated grafting density of 1.3 chains per nm2 for Fe3O4/
PIPOX(100) and Fe3O4/PETOX(100), and 0.9 chains per nm2 for
Fe3O4/PIPOX(87/13). These values are comparable to previous
“grafting to” reactions performed by similar approaches with
PEG or PNIPAM,18,45 but are substantially higher than grafting
densities on pozylated particles reported in the Introduction.

nation of the LCST is equivalent to determining LCST by the
cloud point in turbidity measurements. The LCST of pure
PIPOX in water was reported to be close to ∼37 °C, while pure
PETOX should have a transition at ∼94 °C.32,48 Thus, to elevate
the transition temperature above body temperature, but still
within a suitable range for biological applications, co-polymerization of 2-isopropyloxazoline with a minor fraction of 2-ethyloxazoline was conducted. The LCST for PIPOX(100), determined from the DLS heating curve for 1 mg mL−1 solution was
48 °C (Table 1).
This is higher than previously reported for PIPOX but can
be explained by the concentration dependence of the LCST.
Standard values are often measured at 1 wt% solution, which
is 10 times higher than the concentration used in our reported
measurements.48 By using 5 mol% 2-ethyloxazoline as the comonomer the transition could be increased to 55 °C. Pure
PETOX at 1 mg mL−1 did not show a transition in water up to
100 °C. Since these measurements of the LCST are measured
by the cloud-point of the solution, we do not directly measure
the temperature at which hydrogen bonding with water is
replaced in favour of intramolecular interactions between
monomers within the polymer coil. Thus, although the temperature of the transition should not change, a high polymer
concentration might be required to spot a weak transition by
aggregation, since aggregation is concentration dependent.
Hence, a LCST of 88.5 °C was detected at a concentration of
7 mg mL−1 of PETOX in pure water.

3.2 Synthesis and characterization of polyoxazoline-grafted
SPION
Monodisperse SPION coated with oleic acid were prepared by
thermal decomposition of iron pentacarbonyl in dioctyl ether,
following a slightly modified protocol originally proposed by
Hyeon et al.44,49 Inspection of >500 particles by transmission
electron microscopy (TEM) and determining the size distributions using PEBBLES47 demonstrated monodisperse spherical particles with diameters 11.3 ± 0.8 nm, 10.2 ± 0.7 nm and
11.0 ± 0.8 nm (Table 2). The nitrocatechol-terminated polyoxazolines were reacted with oleic acid capped SPION in a ligand
exchange reaction in DMF under ultrasonication. After precipitation, the raw product was purified by dialysis against MilliQ
water using membranes with a molecular weight cut-oﬀ (MWCO)
size of 1000 kDa relating to dextran to remove the excess of
the free polymer. The high MWCO is required to pass the

Table 2

3.3

LCST and colloidal stability investigated by DLS

The LCST of the nanoparticle-grafted polyoxazoline was first
determined by studying the count rate and change in the
average diameter of the colloids as a function of temperature
using dynamic light scattering (DLS). Although a decrease in
shell thickness, and therefore particle diameter, is expected
upon dehydration, the aggregation of multiple cores upon dehydration can also lead to a large increase in the average

Physical properties of polyoxazoline-grafted core–shell SPION and LCST measured by DLS in various media at 1 mg mL−1

Sample

Core D
(nm) TEM

DH a (nm)
medium

Mass lossb
wt% (TGA)

Residueb
wt% (TGA)

σ (TGA) chains
per nm2

LCST (°C)
MilliQ

LCST (°C)
mediumc

LCST (°C)
medium + FCSc

Fe3O4/PIPOX(100)
Fe3O4/PIPOX/PETOX(87/13)
Fe3O4/PETOX(100)

11.3 ± 0.8
10.2 ± 0.7
11.0 ± 0.8

20.7 ± 5.3
23.6 ± 2.0
42.1 ± 9.6

74
70
74

19
29
24

1.3
0.9
1.3

38
45
74

32.5
34.5
47

32.5
35.5
∼47

a

Hydrodynamic diameter (DLS) in RPMI 1640 cell medium below the LCST. b Mass loss: 200–500 °C, mass loss up to 200 °C due to moisture,
solvent traces, residue: inorganic core. c RPMI 1640 cell medium with or without addition of 10 vol% fetal calf serum (FCS).
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colloid size upon temperature increase, which will dominate
any scattering response. We investigated these changes as a
function of temperature in ultrapure MilliQ water, in cell
medium and in cell medium containing fetal calf serum (FCS).
The LCST can be strongly influenced by the presence of salts
and other molecules, and an evaluation of this in other media
is required to predict colloidal stability and performance
under biological conditions. The results are summarized in
Table 2.
Due to the polydispersity of the formed aggregates the transition at the LCST is more distinct in the count rate than in
the hydrodynamic diameter. The two pozylated SPION
designed to have a LCST in the physiological range displayed
such behaviour in water. Thermally induced changes in both
the size and count rate were reversible without sonication or
stirring, i.e. the particles nicely spontaneously deaggregated
upon cooling (Fig. 1A, B, D and E).
The excellent reversible thermal stability is achieved by the
dense and irreversibly grafted brush shell; it prevents the
aggregated core–shell particles from core–core-contact, which
otherwise leads to a strong and irreversible aggregation of
nanoparticles.11,14 The aggregation behaviour probed by DLS
is in agreement with other thermoresponsive core–shell nanoparticles.18,52 As expected, the LCST measured by nanoparticle
aggregation shifted to higher values for the PIPOX/PETOX
(87/13) shell compared to the PIPOX(100) shell. Fe3O4/PIPOX
(100) showed a six-fold increase in the count rate, and the size
increased from 30 to 100 nm (Fig. 1A and D). Fe3O4/PIPOX/
PETOX(87/13), with a better hydrated shell and higher LCST,
displayed only a two-fold increase in the count rate and only a
small size increase due to clustering from 25 to 35 nm (Fig. 1B
and E). This demonstrates a larger number of particles per
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aggregate and stronger inter-particle attraction of the lower
LCST SPION compared to the higher LCST SPION. Concurrent
with this observation only aqueous dispersions of Fe3O4/
PIPOX(100) displayed turbidity above their LCST, confirming
that the aggregates of Fe3O4/PIPOX/PETOX(87/13) comprise on
average just a few cores. Fe3O4/PETOX(100) had a LCST of
around 74 °C. The transitions in the count rate and size are
not as clear as for the lower LCST SPION, and the cycling to
very high temperature to reach the LCST caused precipitation
that required agitation for full redispersion at room temperature (Fig. 1C and F).
For otherwise practically identical core–shell NPs the aggregate size above the LCST is significantly diﬀerent for the
Fe3O4/PIPOX/PETOX(87/13) compared to Fe3O4/PIPOX(100),
with the copolymer showing much smaller aggregates.
Although the LCST of the collective transition is shifted by the
presence of a minority fraction (13 mol%) of ETOX in the
polymer, the hydration of the ETOX-units still remains above
the LCST and thereby might reduce the depth of the attractive
potential between individual particles, perhaps through an
eﬀectively higher shell thickness in the dehydrated state. This
results in a weaker attractive inter-particle interaction potential
and smaller aggregates.
The PIPOX-containing brushes grafted to SPION display a
LCST measured by DLS that is 10 °C lower than the LCST of
the free polymer coil counterpart of the respective sample.
Fe3O4/PETOX(100), for which a free coil LCST could hardly be
determined by DLS, likewise displays a drop in the LCST of at
least 26 °C compared to the free polymer. A similar drop (7 °C)
was observed by Koshkina et al. for PIPOX grafted to poly(organosiloxane) nanoparticles of similar sizes.42 On a nanoparticle,
the polymer chains are at a high local monomer concentration

Fig. 1 Temperature-cycled DLS measurements for polyoxazoline-modiﬁed SPION in MilliQ (1 mg mL−1), count rate and size vs. temperature for
Fe3O4/PIPOX(100) (A, D), Fe3O4/PIPOX/PETOX(87/13) (B, E), and Fe3O4/PETOX(100) (C, F), heating curves (red diamonds), cooling curve (blue
squares).
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compared to free polymer coils and therefore have less
hydration and could display a lower LCST than the free coil.
The higher local monomer concentration, energy state and
lower hydration forced by the polymer–polymer interactions of a
densely grafted brush could be expected to facilitate the switching from external hydrogen bonding with the water to the
dehydrated state with stronger intra- and inter-polymer interactions. The LCST transition within the brush can therefore
take place at a lower temperature, as indicated by our data.

Published on 17 January 2017. Downloaded by ETH-Zurich on 20/04/2018 11:16:19.

3.4

LCST and internal brush transition investigated by DSC

Complementary characterization of the LCST was performed
by diﬀerential scanning calorimetry (DSC) on SPION dispersions in water (Table 3, Fig. 2). The LCST from T-cycled DLS is
extracted from observing the aggregation of core–shell particles or polymer coils; by DSC we measure the enthalpy
change of the polymer as a direct consequence of the
reduction in hydrogen-bonding to water of the polymer above
the LCST. This loss in hydrogen bonding drives the structural
change and change in the interaction potential of the particles that eventually leads to the formation of aggregates
measured by DLS or turbidity measurements. Thus, if the
polymer is internally structured, one could possibly observe
diﬀerent transition temperatures in DSC, while DLS requires
the loss of solvation throughout the brush to record a transition. DSC should also have a weaker (linear) dependence of
the signal on polymer concentration than DLS (quadratic).
However, the entropic transition of the polymer does not contribute to the DSC signal, which therefore can be weak in itself

Table 3 DSC data for dispersions of pozylated SPION in MilliQ
(1 mg mL−1), heating rate: 1 °C min−1, transition enthalpies in kJ (mol per
repeating unit)−1

Sample
Fe3O4/PIPOX(100)
Fe3O4/PIPOX/
PETOX(87/13)
a

Tonset
(°C)

Tpeak1
(°C)

T1/2
(°C)

ΔH1 kJ
mol−1

Tpeak2
(°C)

ΔH2 kJ
mol−1

33.65
41.64

35.15
45.65

1.50
7.66a

2.70
0.41

43.95
49.15

0.54
0.29

Complete peak (41–55 °C).

Fig. 2 DSC heating curves (1 °C min−1) for SPION dispersions
(1 mg mL−1 in MilliQ water), (A) Fe3O4/PIPOX(100), (B) Fe3O4/PIPOX/
PETOX(87/13).

This journal is © The Royal Society of Chemistry 2017

compared to the aggregate size d6 dependent scaling of scattered intensity in DLS.
An endothermic peak was observed for all PIPOX containing SPION. The peak maxima of the main peak and secondary
peak for Fe3O4/PIPOX(100) were 35.15 °C and 43.95 °C respectively. For Fe3O4/PIPOX/PETOX(87/13), the main peak was
found at 45.65 °C while the secondary peak was located at
49.15 °C. The temperature measured for Fe3O4/PIPOX(100) was
thereby three degrees lower compared to DLS, with respect to
the main peak, while Fe3O4/PIPOX(87/13) exhibited identical
values measured by DLS and DSC for the LCST (Table 3). For
Fe3O4/PIPOX(100) a small side peak at 43.95 °C was observed
that corresponds to the LCST measured by DLS for free PIPOX
(100) (Fig. 2A). A significant diﬀerence in the transition
enthalpy was observed between the pozylated particles with a
four-times higher value for Fe3O4/PIPOX(100) compared to
Fe3O4/PIPOX/PETOX(87/13). The signal for Fe3O4/PIPOX/
PETOX(87/13) is therefore noisier, but also for this sample the
shape of the enthalpy as a function of temperature indicates
the presence of two convoluted peaks, of which one peak has a
temperature similar to the LCST determined by DLS and one
peak has a temperature more similar to the higher LCST
determined for the free polymer. Although, the SPION were
thoroughly separated from the free polymer, it is diﬃcult to
completely exclude the presence of any free polymer in the
samples50 that could give rise to the second peak. For Fe3O4/
PIPOX(100) the relative enthalpies of the peaks yield a content
of 17% free coils; for Fe3O4/PIPOX/PETOX(87/13) the second
peak indicates a potentially even bigger fraction (∼41%). These
would be substantial fractions of the free polymer that if true
would indicate a lower grafting density of the polymer on the
SPION surface than required for the thermal colloidal stability
demonstrated above.11,14,45,50 An alternative and more plausible explanation is that the main peak in DSC at low temperature relates to the LCST of the dense brush part of the SPION
shell, but the outer part, which due to the high SPION
curvature is expected to have a segment density distribution
similar to a free polymer coil, yields a second peak approximating the LCST of a free coil. The transition between these two
regimes can be quite abrupt at high grafting density, as
recently demonstrated for very densely grafted nanoparticle
polymer brushes by SAXS.53 No clear peak could even be
detected for Fe3O4/PETOX(100) in the measured temperature
range (20–90 °C, see Fig. S9†).
The enthalpy of the transitions for the grafted brushes is
significantly lower than for free PIPOX. While Fe3O4/PIPOX
(100) displays values of 2.7 kJ (mol per repeating unit)−1, the
value for the copolymer brush only amounts to 0.7 kJ mol−1
(total peak), Table 3. A value of 5–6 kJ mol−1 is commonly
assigned to the breaking of one hydrogen bond per repeating
unit of PIPOX with similar molecular weights.54,55 Thus, the
grafted brushes dehydrate to a smaller degree, which is
more pronounced for the copolymer brush Fe3O4/PIPOX/
PETOX(87/13). As a result, the attractive hydrophobic interactions between the polymer chains are weaker, leading to
smaller cluster sizes of core–shell nanoparticles compared to
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aggregates of the free polymer above the LCST (Fig. 1 and S5†).
These results correlate strongly with the observed turbidity
and cluster size of the respective samples above the LCST.
A tentative interpretation combining DSC, DLS and turbidity data is that the structural transition of a spherical brush
can be separated into one transition of the dense part of the
brush and one of the outer, coil-like, part of the shell.
Importantly, the dehydration occurs only for the low-LCST
monomer of the polymer, leading to local clustering, but the
high-LCST monomer of the shell remains essentially hydrated
and counteracts aggregation even after the partial collapse of
the nanoparticle shell above the LCST.
3.5

Thermal stability and LCST in cell medium and serum

Nanoparticle stability is often severely compromised in the
presence of high ionic strength and protein; irreversible aggregation is often observed and the stability of nanoparticles at
elevated temperature in serum is a stringent test of the colloidal stability of nanoparticles for biomedical applications.45,50,56 The presence of high concentrations of ions,
particularly kosmotropic ions in the Hofmeister series that
strongly influence the water structure, can significantly lower
the LCST of thermoresponsive polymers through destabilization of their hydration.57–59 However, the eﬀect of a high ion
concentration on thermoresponsive, polymer-grafted nanoparticles is seldom recorded. Also, factors such as nanoparticle
size, hydration and charge strongly influence the nanoparticle
uptake. Knowing the aggregation state of the SPION during
testing of the cell uptake and cytotoxicity is necessary to correctly interpret the influence of their physicochemical pro-
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perties on e.g. cell uptake. We therefore subjected the pozylated NPs to T-cycled DLS in cell medium and cell medium
containing 10 vol% fetal calf serum (FCS).
The count rate and size measured for the pure medium and
medium with serum (FCS) showed no sign of aggregation or
precipitation (Fig. S6†). A significant lowering of the LCST in
the medium compared to water was observed for both Fe3O4/
PIPOX(100) (38 °C → 32.5 °C) and Fe3O4/PIPOX/PETOX(87/13)
(45 °C → 34.5 °C) by temperature-cycled DLS. Thus, both
IPOX-containing shells showed LCSTs below body temperature. This makes them unsuitable for in vivo applications, but
with possible applications in biotechnological extraction performed at lab temperatures if biological fluids are used.
A large change in the cluster size and count rate was
observed above this LCST (Fig. 3A–D and S12†). Despite the
large increase in the average particle size >600 nm, the count
rate dropped for medium-containing SPION, which is caused
by the precipitation of the large clusters of high density
(Fig. 3A–C and 4D, E). Thus, temperature-induced aggregation
and subsequent precipitation of the core–shell nanoparticles
is promoted by ions in solution, caused by the “salting out” of
the polymer brush by kosmotropic interactions. However, precipitated samples were also easily redispersed upon cooling,
demonstrating that the densely grafted stabilizing polymer
shell remained intact. For Fe3O4/PETOX(100) the count rate
and size changes were not directly reversible as the precipitated
nanoparticles did not redisperse upon cooling without agitation. The transition temperature for this sample was measured
to be 47 °C, which is a drastic 27 °C below the LCST in water.
However, a transition at 47 °C makes this sample colloidally

Fig. 3 DLS heating curves for SPION dispersed in medium (RPMI-1640) at 1 mg mL−1, count rate vs. temperature and hydrodynamic diameter vs.
temperature for Fe3O4/PIPOX(100) (A, D), Fe3O4/PIPOX/PETOX(87/13) (B, E), and Fe3O4/PETOX(100) (C, F), heating curve: red diamonds, cooling
curve: blue squares.
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Fig. 4 Dispersions of Fe3O4/PIPOX(100), (A, B) magnetic heating for a
dispersion in MilliQ (3 mg mL−1) below (A) and above the LCST (B), (C)
stability in the presence of a static magnetic ﬁeld at room temperature,
(D, E) Fe3O4/PIPOX at 1 mg mL−1 in medium (D) below LCST, (E) above
LCST.

stable under physiological conditions even slightly above body
temperatures (hyperthermia), while the PIPOX-containing
shells see a reduction of the LCST that seems to preclude their
use as individual nanoparticles without protein interaction at
body temperature in physiological media. Evidently, monomers with very high hydration are required for the colloidal
stability of thermoresponsive core–shell nanoparticles in e.g.
an environment rich in kosmotropic ions.
Almost the same transition temperatures were found for
the PIPOX-containing SPION in a medium with FCS as in a
pure medium (Fig. S7†). Given the loss of colloidal stability,
the aggregation in cell medium with serum can include
protein adsorbed on the destabilized SPION. The size vs. T
curve for Fe3O4/PIPOX/PETOX(87/13) also showed a two-step
profile, indicating further aggregation after forming the nanoparticle–protein clusters (Fig. S7B and E†). However, also in
the presence of serum the PIPOX-coated SPION clusters redispersed/redissolved spontaneously upon cooling, as observed in
the almost complete recovery of the original count rate
(Fig. S7A†). The reversibility again confirms that the densely
grafted SPION provide protection against non-specific protein
adsorption to the core. Interestingly, Fe3O4/PETOX(100) in the
presence of serum did not aggregate as measured by DLS and
showed no sign of turbidity or precipitation (Fig. S7C and F†).
These SPION thereby showed increased stability in the presence of a protein that partly oﬀset the strongly reduced stability in the presence of physiological concentrations of ions and
nutrients.
These results indicate that (a) the presence of high concentrations of ions has a stronger influence on the hydration and
colloidal stability of pozylated nanoparticles than the presence
of serum protein at cell culture medium concentrations,
(b) the eﬀect is more pronounced on ETOX than IPOX, where
SPION grafted with ETOX-containing polymers show a drastic
loss of solvation at much lower temperature in medium than
in water, while there is only a minor change for IPOX-containing shells, and (c) the serum protein can eﬀectively stabilize
aggregating, end-grafted, pozylated nanoparticles. The latter
might however still lead to an increase in cell interaction if
adsorbed; this stabilization is due to an outer-shell interaction
with proteins that might in turn be recognized by cells.
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We cannot with certainty state the mechanism of the much
stronger influence of ions on PETOX brushes compared to
PIPOX brushes. However, the expected mechanism for the
reduction of LCST by thermoresponsive polymers such as poly
(ethylene glycol) and polyoxazolines is strong interactions
with kosmotropic ions that change the equilibrium hydration
shell around the monomers. Polymers that either have a
strong specific interaction with the added salts (as is known
for PEG and monovalent salts such as sodium) or that have a
large hydration shell are likely to be aﬀected more by the
addition of kosmotropic ions. Thus, we can, as observed,
expect that polar ETOX-units, possessing a larger hydration
shell, are more aﬀected by ions from the buﬀer and media.
However, as we do not see any enthalpic transition for the
PETOX-brush, it is diﬃcult to quantify the eﬀect and given
that the LCST transition in the presence of a salt is a complex
process, other factors, such as specific interactions, might be
involved as well.
3.6

Magneto-thermal actuation and extraction

In separation and targeting applications the application of
magnetic field gradients is desired to remove magnetic nanoparticles from solution. However, superparamagnetic nanoparticles are small with low magnetic moments and they have
barriers to spin reorientation within the single crystal that are
too small to prevent thermal relaxation by the Néel mechanism.60 This prevents their extraction or movement by standard,
low-strength magnetic fields unless they are aggregated.18,50,61
Thermoresponsive nanoparticles can be aggregated by an
increase in temperature. Aggregated cores respond as ferromagnets with a higher magnetic moment and can be extracted
by a weak magnetic field. Pozylated SPION were therefore
tested for extraction applications by subjecting them to magnetic heating and extraction by a fixed magnet (remanence =
1.29 T).
Aqueous dispersions of the polyoxazoline-grafted NPs
proved stable at room temperature in the presence of a static
magnetic field gradient produced by a fixed magnet (Fig. 4C).
The local environment of the SPION can be heated by application of an alternating magnetic field (228 kHz, 94 mT), due
to energy dissipation as the magnetic spin of the superparamagnetic core responds to the applied alternating field.60
These magnetic field conditions were chosen as they conform
to the limits of biomedically acceptable exposure to alternating
magnetic fields with tolerable Joule heating.60 The colloidal
stability during the magneto-thermal actuation of Fe3O4/PIPOX
(100) with the lowest LCST was investigated at the concentration of 3 mg mL−1 in water. The clear brown solution
turned cloudy after 9 minutes of applied alternating magnetic
field, concurrent with an increase in bulk temperature from
22.8 to 34.6 °C (Fig. 4A and B). Thus, the eﬀect of local heating
on SPION aggregation could not be observed, since the
aggregation occurred first when the bulk temperature had
been increased to the transition temperature by heat from the
magnetically actuated nanoparticles. This observation was
previously reported for similar SPION with PNIPAM brush
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shells.18 The entire shell has to be strongly dehydrated to
observe a colloidal transition, for which the temperature has to
rise above the LCST over a distance of ∼10 nm from the core
(cf. Table 2 and ref. 53). The thermal conductivity of water is
too high to establish a strong temperature gradient throughout
the extended shell unless an extremely high temperature is
reached at the core surface, which can be damaging to the particle and the application.
Further actuation at this concentration did not lead to
visible precipitation even with the sample placed on the fixed
magnet. Thus, magnetic extraction could not be performed at
this concentration upon heating of the SPION above the shell
LCST. Upon cooling, the sample turned clear, showing full
responsiveness and fast deaggregation. The aqueous suspension of Fe3O4/PIPOX/PETOX(87/13) was conventionally heated
to above the LCST, but could also not be magnetically extracted
in the concentration range (1–10 mg mL−1). The copolymer
SPION, however, only formed small clusters upon heating
(see Fig. 1B and E) and as a consequence did not display visual
turbidity. Aqueous dispersions of Fe3O4/PETOX(100) were not
tested since the LCST is too high. In conclusion, the highly
grafted pozylated SPION show remarkable magneto-thermal
stability since the core–core aggregation upon heating
leading to the possibility of magnetic extraction is not
observed in contrast to for almost identical particles with
PNIPAM shells.18
3.7

Cell interaction and viability

The density and solvation of the polyoxazoline shell strongly
influences the colloidal stability of the dispersion and should
similarly strongly aﬀect cell uptake. We have recently shown
that densely grafted pegylated core–shell particles of a similar
brush thickness experience negligible cell uptake by HeLa cells
compared to less controlled or densely polymer-coated SPION
architectures.46 Polyoxazoline shells should theoretically be
more stable to degradation in biological environments than
PEG; still they provide the possibility to vary the solvation of
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the shell, and thereby their self- and protein-interactions,
which should lead to a tunable cell uptake dependent on
temperature. To investigate this hypothesis, we incubated
HeLa cells with dispersions of polyoxazoline-grafted NPs
(1 mg mL−1) at 37 °C for 24 h (Fig. 5). HeLa is a stable cancer
cell line previously used to study the uptake of core–shell nanoparticles, which allows for a direct and reliable comparison to
benchmark results and a positive control for the uptake assay.46
Cell uptake is usually investigated by exposing the cells to
SPION suspensions with the same iron content. When the
SPION architecture is varied, e.g. changing the shell structure
or monomer Mw, this can however lead to very diﬀerent SPION
concentrations. Since the cell uptake is related to internalization of SPION and not iron ions, we therefore investigated
samples where the SPION concentration was kept constant,
leading to diﬀerent mass concentrations of iron and the
polymer.
Uptake values under constant sample concentration give a
clear trend toward a higher uptake for SPION with a higher
PIPOX content and therefore lower LCST. Among the pozylated
SPION, Fe3O4/PIPOX(100) has clearly the highest uptake,
which correlates with the lowest LCST and, importantly, the
largest aggregates formed. Fe3O4/PIPOX/PETOX(87/13) and
Fe3O4/PETOX(100) are significantly less taken up than Fe3O4/
PIPOX(100), with the lowest value for Fe3O4/PETOX(100). The
iron uptake is in all cases low and it could be argued that it
mainly proceeds via cell drinking. The data should then be
analyzed on a mass concentration basis instead of a number
concentration basis, which can be accomplished from the
same data by normalizing the uptake by the iron concentration
for each sample. By normalizing the values for the uptake by
the total amount of iron added (Fig. 5B), Fe3O4/PIPOX/PETOX
(87/13) is now taken up the least. This is unexpected, since in
the cell culture media we expect that Fe3O4/PETOX(100) is
below the LCST and fully colloidally stable while Fe3O4/PIPOX/
PETOX(87/13) is slightly above the LCST and clustered in small
aggregates. The concentration dependence of the cell uptake

Fig. 5 (A) Iron uptake ( pg per cell) and (B) relative amount of iron taken up (%, normalized on total amounts of iron added) for HeLa cells after incubation at 37 °C for 24 h with core–shell nanoparticles. 100 µL NP-dispersion (1 mg mL−1 in MilliQ) was added to cells suspended in medium (1 mL).
For Fe3O4/PETOX(100) also the double concentration (addition of 200 µL) was tested. LCST for Fe3O4/PNIPAM in medium: 31.8 °C. For Fe3O4/PEG,
10 µL of NP-dispersion (2.5 mg mL−1 in MilliQ) was added.
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was tested on sample Fe3O4/PETOX(100) by adding double the
amount of SPION to the cell (Fig. 5A and B, 100 and 200 µL).
The uptake scales with the concentration showing higher
values for the addition of 200 µL. However, the relative
amount of iron taken up does not change for the tested
concentrations.
The uptake of the pozylated SPION was also compared to
SPION with the same architecture but with shells of the wellknown thermoresponsive polymer PNIPAM (LCST in cell
medium: 31.8 °C, Fig. S10†) as well as with PEG, the gold standard for stealth polymer shells (Fig. 5A and B). All particles have
shells of the same grafting density, similar core diameter and
brush size. It is striking to observe that pozylated SPION are significantly less taken up than PNIPAM-grafted SPION (Fig. 5A
and B). This is also true for SPION that have similar LCST to
PNIPAM (below cell culture temperature). It is also striking that
despite being regarded as stealth coatings in reports studying
protein adsorption to planar surfaces grafted with a polymer
brush, the uptake of pozylated SPION is one order of magnitude
higher than for equivalent pegylated SPION (Fig. 5A). In
summary, the cell uptake experiments indicate that although
hydration and brush thickness strongly influence SPION colloidal stability and cell uptake, detailed solvent interactions (e.g.
density of hydrogen donors and acceptors) or specific interactions might also be very important to determine cellular recognition of nanoparticles stabilized by polymer brushes.
Finally, the viability of the HeLa cells was unaﬀected by the
presence and uptake of the nanoparticles after 24 h incubation
(Fig. S8†). The cell viability was calculated to be 101%, 102%
and 99% for Fe3O4/PIPOX(100), Fe3O4/PIPOX(87/13) and
Fe3O4/PETOX(100) respectively. Similar cell viability was
obtained for PNIPAM-grafted SPION, while the perfect viability
of pegylated SPION was reported previously.46
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with an increase in the cluster/aggregate size above the LCST,
showing the strong influence of salinity and additives on
the thermoresponsive properties. The copolymer shell, which
in water displayed a LCST well above body temperature,
dropped its LCST to below body temperature and close to the
pure PIPOX shell under physiological conditions. This demonstrates that it is imperative to tune the transition conditions for
the conditions under which core–shell nanoparticles should be
applied; the LCST in water is a poor guide and its relationship
to the LCST under relevant conditions is complex.
We also demonstrate that the polymer conformation
strongly influences the solvation transition of polyoxazolines.
The cloud point temperature (measure of the temperature at
which colloidal aggregation occurs) was significantly lowered
by dense grafting of polyoxazolines onto nanoparticles compared to the free coil. There were also strong indications that
the desolvation of the inner, dense part of the spherical brush
on the particles proceeds at lower temperature than the desolvation of the outer, coil-like part.
Cell uptake generally followed the trend of higher uptake
for SPION producing larger aggregates, but also demonstrated
dependence on the polymer of colloidally stable particles that
could not purely be explained by this parameter nor by the
hydration and thickness of the shell. Cell viability was not
aﬀected by the uptake of thermoresponsive SPION.
In summary, our finding that the colloidal stability and cell
interactions can be tuned by the local polymer composition
and structure ( possible to realize e.g. with polyoxazolines)
opens up exciting perspectives to tune temperature-induced
morphological transitions in core–shell nanoparticles that go
beyond simple changes in global solubility. Polyoxazolinegrafted SPION therefore serve as a highly interesting, much
more versatile and tunable alternative to the PEG- and
PNIPAM-grafted nanoparticles that are usually investigated for
biomedical and biotechnological applications.

Conclusion

Monodisperse SPION homogeneously grafted with nitrodopamine-polyoxazoline were prepared with varied shell compositions. This allowed us to investigate the eﬀect of polymer shell
LCST on colloidal properties and cell interaction of superparamagnetic particles that share other physicochemical properties.
The (magneto-)thermal stability as well as full responsiveness of
the SPION grafted with polyoxazoline could be demonstrated in
water. Although, an alternating magnetic field at a biomedically
relevant field strength and frequency could be used to heat the
sample, a change in the solubility of the sample was not
observed until a global temperature close to the LCST was
reached. Thus, the magnetic heating was not suﬃcient to establish a local temperature gradient throughout the brush to
produce polymer dehydration and colloidal aggregation.
A larger aggregate size and higher turbidity upon heating
above the LCST was observed for NPs with a pure poly(2-isopropyloxazoline) shell compared to a poly(2-isopropyloxazolineco-ethyloxazoline) shell. A large decrease in the LCST was
observed when going from water to biological media, together

This journal is © The Royal Society of Chemistry 2017
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Motivation of and contribution to study:
Drug delivery vehicles are constantly under development to improve specificity and
reduce toxicity and side effects of treatment. One of the most commonly used system is
the lipid vesicle, due to its ability to transport hydrophilic, amphiphilic and hydrophobic
cargo. In recent years, polymersomes have emerged as an interesting alternative to
liposomes since they show higher in vivo stability compared to lipid based system.
Assembling block copolymer vesicles of different polymer compositions can also
provide a platform for many applications due to that they can be extensively chemically
tailored to diverse application environments compared to liposomes.
There is still much unknown about the interaction of polymersomes with cells and
their uptake mechanism. One of the most common imaging techniques used so far is
fluorescence microscopy of fluorescently labeled nanoparticles for in vitro tracking.
Fluorescence imaging, however, lacks nanoscopic resolution, which makes it difficult to
deduce detailed distribution of, e.g., drug delivery vehicles at the cell membrane and
inside the cell. Multimodal imaging which uses functional inorganic nanomaterials is
advantageous as a complement and can be applied both for in vivo distribution using
MRI, and cellular and sub-cellular distribution using chemical techniques and
transmission electron microscopy.
Core-shell SPION functionalized with dense and thin hydrophobic ligand shells can be
inserted in the hydrophobic part of lipid and block copolymer membranes at high density,
which allows not only the mentioned imaging options, but also the possibility to use
magnetic fields to create local heating that can change the membrane permeability at the
site of inserted nanoparticles. Such systems can be used for in vivo theranostic drug
delivery.
In this work, we focus on investigating uptake mechanism and localization of the
polymersomes within the cell by confocal imaging, transmission electron microscopy
and quantification of iron amount per cell. We show that the uptake mechanism is
mainly by phagocytosis, which renders the cell membrane unharmed, but results in the
polymersomes being internalized in the endosome of the cells where they are
110

eventually degraded. This investigation can provide important data regarding the fate of
this and similar vesicular or core-shell systems in vivo, as well as the factors that control
it. It was shown that a higher uptake can be induced, by incorporating cations in the
polymersome membrane while the viability of the exposed cells remained intact.
My contribution to this work was designing, performing and analyzing the cell viability
and uptake tests as well as the confocal imaging. I contributed to the writing of the
manuscript.
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Abstract: We present a potential theranostic delivery platform based on the amphiphilic diblock
copolymer polybutadiene-block-poly (ethylene oxide) combining covalent fluorescent labeling and
membrane incorporation of superparamagnetic iron oxide nanoparticles for multimodal imaging.
A simple self-assembly and labeling approach to create the fluorescent and magnetic vesicles is
described. Cell uptake of the densely PEGylated polymer vesicles could be altered by surface
modifications that vary surface charge and accessibility of the membrane active species. Cell uptake
and cytotoxicity were evaluated by confocal microscopy, transmission electron microscopy, iron
content and metabolic assays, utilizing multimodal tracking of membrane fluorophores and
nanoparticles. Cationic functionalization of vesicles promoted endocytotic uptake. In particular,
incorporation of cationic lipids in the polymersome membrane yielded tremendously increased
uptake of polymersomes and magnetopolymersomes without increase in cytotoxicity. Ultrastructure
investigations showed that cationic magnetopolymersomes disintegrated upon hydrolysis, including
the dissolution of incorporated iron oxide nanoparticles. The presented platform could find future
use in theranostic multimodal imaging in vivo and magnetically triggered delivery by incorporation
of thermorepsonsive amphiphiles that can break the membrane integrity upon magnetic heating via
the embedded superparamagnetic nanoparticles.
Keywords: superparamagnetic iron oxide nanoparticle; cationic magnetopolymersomes; cationic
lipopolymersomes; confocal microscopy; transmission electron microscopy; cell-uptake; cytotoxicity

1. Introduction
Polymersomes are biologically inspired nanocontainers formed by self-assembly of amphiphilic
block-copolymers in an aqueous environment [1,2]. Such polymersomes are highly appreciated
for delivery applications, because their vesicular nature offers convenient transport of hydrophilic,
amphiphilic and hydrophobic cargo with improved mechanical and in vivo stability compared to
existing lipid-based systems [1,3]. Tailoring of the constituent block weights offers tuning of the
loading capacity for therapeutic agents and adjustment of permeability characteristics; this makes
them particularly attractive for biomedical applications [1,3].
First-generation polymersomes were primarily derived from poly(ethylene glycol) (PEG)-based
copolymers because of the excellent water solubility and biocompatibility of PEG [1,4]. Moreover,
dense interfacial PEGylation serves to provide self-assembled superstructures with considerable
antifouling and stealth properties [4]. The ability to withstand protein adsorption demonstrated
for polymer brushes on planar surfaces originates from steric effects that prevent opsonization
while stealth properties result from PEG’s non-antigenic character [4]. The resistance to protein
Materials 2017, 10, 1303; doi:10.3390/ma10111303
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adsorption and non-immunicity of PEGylated nanoparticles and vesicles has recently been disputed
and its role potentially revised to that of controlling the protein corona rather than preventing protein
adsorption [5]. Regardless of mechanism, PEG-based copolymer vesicles confer the well-documented
advantages of PEGylated liposome delivery systems to a more stable and versatile system [1].
To these belong low cell-surface recognition due to reduced interactions that trigger internalization by
receptor-mediated endocytosis, which in turn yields slow cellular uptake kinetics [6]. Even PEGylated
liposomes are often observed to spontaneously fuse to cell membranes. However, cell penetration by
fusion via spontaneous mixing of bilayer forming polymers with the lipid cell membrane is unlikely
because of the intrinsic high aggregate stability and energetically unfavorable contributions from
interfacial line tension that lead to phase separation upon mixing due to the unequal dimensions of
block copolymer and lipid [1,3].
Yet, since many anticancer drugs and especially large hydrophilic biopharmaceuticals like
enzymes and nucleic acids require intracellular delivery, it is highly beneficial to establish vectors that
ensure efficient cellular uptake as well as stable transport in the blood. Endocytotic uptake should be
followed by endosomal escape without compromising cell-viability. Commercially employed non-viral
vectors mainly rely on cationic modification to increase transfection efficiency [7–9] or on polymers
that exhibit enhanced affinity with the cellular membrane [6].
Block copolymer architectures offer plenty of opportunities for novel surface functionalization
approaches such as functionalization with polymers disruptive to cell-membranes by physisorption
or covalent modification, as well as blending with cationic lipids [8,10,11]. Each approach offers its
benefits and challenges, which seldom are evaluated in molecular detail. Most frequently, in vitro
delivery applications are monitored by fluorescence imaging which lacks nanoscopic resolution.
Multimodal imaging that employs functional inorganic nanomaterials is an appealing advancement
that combines traditional imaging techniques with nanoparticle markers [12]. One such marker,
superparamagnetic iron oxide nanoparticles (SPION), is highly compatible with in vivo applications,
since SPIONs are readily degraded by hydrolysis into their constituent ions and taken up into the
body’s iron storage [13,14]. They are employed as negative contrast agents for MRI imaging by their
large magnetic moment that reduces relaxation times of protons in the vicinity of the particle [15],
but inorganic nanoparticles can also serve as colloidal markers for high-resolution electron microscopy
studies. Magnetic probing combined with SPIONs as TEM markers has also been used to investigate
nanoparticle organization after cell uptake in vitro and in vivo [16]. In vitro cellular uptake of SPION
can be quantified by measuring the iron content of cells [17]. Thus, embedding SPIONs into delivery
vehicles such as polymersomes provides the possibility to use multimodal tracking and analysis to
investigate the intracellular fate of delivery vehicles across all length scales, from tissue and cell level
(MRI, fluorescence microscopy and chemical compositional analysis) to organelle and nanoscale
(confocal/super-resolution fluorescence microscopy and transmission electron microscopy) [12].
In addition, the structural incorporation of magnetic nanomaterials into the vesicle membrane allows
for switching membrane permeability via magneto-thermal actuation of thermoresponsive membrane
components, such as phase separation of lipids or thermoresponsive polymers [18–23]. Labeled block
copolymer liposomes with embedded SPION are another step towards a theranostic drug delivery
system in which both polymer and nanoparticles in addition to multiscale imaging can be tailored to
control uptake and trigger release by external or environmental means [12,18,20,24].
We introduce self-assembly of fluorescent polymersomes with membrane-embedded SPIONs
that are capable of serving as multimodal and multiscale markers to monitor the intracellular location
and degradation of endocytosed delivery vesicles. Various polymersome surface modifications were
tested for their potential to promote uptake kinetics and differences in cytotoxicity and endosomal
escape behavior.
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2. Results and Discussion
2.1. Preparation of Fluorescent Polymersomes
Fluorescent polymer vesicles were prepared by two different methods from the amphiphilic
diblock copolymer polybutadiene-block-poly (ethylene oxide) (PBD(1200)-b-PEO(600), Ð = 1.17).
This allowed us to compare the influence of size distribution and particle loading content on cell
viability and cell uptake. Rehydration plus extrusion through 100-nm polycarbonate membranes
was chosen as an established technique to prepare well-defined unilamellar vesicles with low SPION
content. Solvent inversion (THF into water or buffer; 1:10) was used to form vesicles of non-tunable but
well-defined size and with high nanoparticle content [25,26]. The obtained size distribution and overall
lamellarity of such vesicles varied with aqueous phase composition and polymer concentration, as we
have previously described [22,25]. At low amphiphile concentrations (<1 mg/mL) the polymersomes
were predominately unilamellar. Concentrations >1 mg/mL resulted in a considerable fraction
of multilamellar vesicles, which was determined by TEM and extinction spectroscopy and also
previously described in detail [22]. DLS size distributions with intensity size maxima around 20 nm
and 100–150 nm in average diameter were obtained for solvent inversion and extrusion with the
dominant peak corresponding to vesicles of 150 nm in diameter (Figure 1). This bimodal distribution
is attributed to formation of an additional micellar or small unilamellar vesicle (SUV) population
coexisting with large unilamellar vesicles (LUV). PBD-b-PEO self-assembly is well investigated as one
of the original systems used for the spontaneous assembly of block copolymersomes. In the selected
size range PBD-b-PEO has a very low critical aggregation concentration (CAC) and the assemblies are
known to be highly long-term stable, e.g., upon dialysis, with a minute monomer concentration in
solution [1,27]. The volume fraction of the hydrophilic PEO and the hydrophobic PBD blocks favors
formation of a bilayer membrane in analogy to the theory for amphiphile packing parameters to predict
assembled structures [1,21]. However, the polydispersity of block copolymers is large compared to
e.g., lipids used to form liposomes; this could explain why a fraction of smaller, possibly micellar,
assemblies are often observed in addition to vesicles in in the 100-nm size range. When solvent
injection is used to form vesicles, as in one of our approaches, the formation of a less stable fraction of
micelles could additionally be aided by the possibility to form micelles or small vesicles at the interface
of dissolving small droplets of THF. These smaller assemblies are expected to be in a higher energy
state than larger vesicles with less curved membranes; thereby they are out of equilibrium, but due
to the mentioned low CAC of PBD-b-PEO these structures can be stable over long experimental time
scales once they have formed. As delivery systems, micelles and SUVs will have only a fraction of the
volume for encapsulating drugs. Therefore, their influence on the sample when investigating drug
delivery applications will be negligible.
The obtained vesicle size distributions fall within the limit of clathrin-dependent endocytotic
entry of ligand-devoid particles [28]. Without a membrane with stealth properties such particles are
expected to be endocytosed. Vesicles were generally formed at 2 mg/mL for cell uptake studies to
grant a sufficiently high concentration of vesicles and SPION for reliable in vitro experiments.
Modification of PBD-b-PEO polymersomes with the fluorophore (7-diethylamino
coumarin)-3-carboxyic acid (DEAC-CA) was achieved by Steglich esterification for 3 days in
the dark giving 10% dye content. A dye content below 10% is desired to avoid self-quenching [29].
The hydrophobic DEAC acts as fluorophore in membranes of PBD-b-PEO without perturbing the
block-copolymer physicochemical properties [30]. Its small size minimizes morphological changes
of the assemblies caused by the addition of a bulky fluorescent group [31]. DEAC conjugates with
PEG are known to be only mildly cytotoxic and possess high quantum yields for the fluorescence
emission [32].
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solvent inversion at 2 mg/mL plus homogenization via extrusion through 100-nm polycarbonate
membranes (Avestin) PBD(1200)-b-PEO(600)-OH (black), PBD(1200)-b-PEO(600)-COOH/b-PEI(800)
membranes (Avestin): PBD(1200)-b-PEO(600)-OH (black), PBD(1200)-b-PEO(600)-COOH/b- PEI(800)
(100% n/n) (red), PBD(1200)-b-PEO(600)-DEDETA (50% n/n) (blue) and PBD(1200)-b-PEO(600)(100% n/n) (red), PBD(1200)-b-PEO(600)-DEDETA (50% n/n) (blue) and PBD(1200)-b-PEO(600)OH/DOEPC (30% n/n) (green)
OH/DOEPC (30% n/n) (green).

Fluorescence spectroscopy on the dye-labeled polymersomes in w ter exhibited dye emission
profiles that arespectroscopy
indic tive of aon
lowthe
polarity
microenvironment
(cf. Figure
S ) Thexhibited
t is the Stokes
shift
Fluorescence
dye-labeled
polymersomes
in water
dye emission
and
quantum
yield
of
the
ssembled
DEAC-copolymer
conjugates
in
w
ter
resemble
those
of
the
free shift
profiles that are indicative of a low polarity microenvironment (cf. Figure S1). That is, the Stokes
dye dissolved in low dielectric solvent (THF) r ther than in an queous ph se (Milli-Q w ter or
and quantum yield of the assembled DEAC-copolymer conjugates in water resemble those of the free
buffer) From this we conclude th t most of the conjug ted dye molecules h ve self- ssembled into
dye dissolved in a low dielectric solvent (THF) rather than in an aqueous phase (Milli-Q water or
the membrane, nd that they re located in the hydrophobic membrane interior rather than t the
buffer).
From
thisce.
weAconclude
thatquantum
most of yield
the conjugated
dye molecules
havefraction
self-assembled
vesicle
interf
loss in overall
however suggests
an equilibrium
in contact into
the membrane,
and
that
they
are
located
in
the
hydrophobic
membrane
interior
rather
than at the
with water since excited (dialkylamino) coumarins are efficiently quenched in protic, high dielectric
vesiclesolvents
interface.
A
loss
in
overall
quantum
yield
however
suggests
an
equilibrium
fraction
in contact
by population of twisted intramolecul r charge transfer states [3 ] No significant change
in
with water
since excited
(dialkylamino)
coumarins
are efficiently
in protic,
high
dielectric
Zeta potenti
l was detected
upon conjugation
of DEAC-CA
to thequenched
PEO-headgroup
of the
diblock
copolymer
(see Figure
). This isintramolecular
expected for a few
percent
of conjugated
entities
linked
via neutral
solvents
by population
ofStwisted
charge
transfer
states [33].
No
significant
change
ester
bonds
and
predomin
ntly
located
in
the
membrane
interior.
in Zeta potential was detected upon conjugation of DEAC-CA to the PEO-headgroup of the diblock
investigation
vesicle
integrity for
by aDLS
fluorescence
spectroscopy
in linked
environments
copolymerAn
(see
Figure S4).ofThis
is expected
fewand
percent
of conjugated
entities
via neutral
mimicking relevant cell organelles for degradation ( .5 M PBS and pH = 5 for lysosomes, nd 1
ester bonds and predominantly located in the membrane interior.
PBS, pH
and 0.1 µM H O for peroxisomes) [
] showed th t PBD-b-PEO polymersomes are
An investigation of vesicle integrity by DLS and fluorescence spectroscopy in environments
generally int ct and stable with respect to hydrolysis and oxidation fter h incubation under those
mimicking
relevant
organelles
for degradation
M PBS
and pH =
4.5 for
and 1the
× PBS,
conditions.
No cell
changes
in the emission
profiles (0.5
or size
distributions
could
be lysosomes,
observed during
pH = 7testing
and 0.1
µM H2 O2 for peroxisomes) [34,35] showed that PBD-b-PEO polymersomes are generally
period.
intact and stable with respect to hydrolysis and oxidation after 24 h incubation under those conditions.
Surface
Modification
Polymeric
No changes
in the
emissionofprofiles
orVesicles
size distributions could be observed during the testing period.
Various surface modifications of the polymersomes (Scheme 1) were tested for their potential to
enh nce cell penetration of stealth polymersomes. The tested modifications were surface adsorption of
membrane-disruptive
low-Mw polymer,
covalent modification
the PBD-b-PEO
with potential
short to
Various
surface modifications
of the polymersomes
(Scheme of
1) were
tested for their
oligoamine
sequence
and
a
blend
of
PBD-b-PEO
and
cationic
lipid
as
enhancers
to
promote
cell
upt
ke.
enhance cell penetration of stealth polymersomes. The tested modifications were surface adsorption
Cell upt ke was investigated using human cervical adenocarcinom cells (HeLa) that constitute
of membrane-disruptive
low-Mw polymer, covalent modification of the PBD-b-PEO with a short
robust and often used model system to test promoted uptake, e.g., of transfection vehicles.
oligoamine sequence and a blend of PBD-b-PEO and cationic lipid as enhancers to promote cell uptake.
Overnight incubation of HeLa with differently prepared DEAC-labeled polymersomes g ve rise
Cell uptake
was investigated using human cervical adenocarcinoma cells (HeLa) that constitute a
to hardly detectable fluorescence within washed cells (Figure 2B). This indic tes that PBD-b-PEO
robustvesicles
and often
used
model system
test promoted
uptake,
e.g.,
of transfection
exhibit
significant
stealth to
properties
and slow
cellular
uptake
even whenvehicles.
modified with
Overnight
incubation
of
HeLa
with
differently
prepared
DEAC-labeled
polymersomes
gave rise to
fluorescent tracers this finding is in line with earlier reports on uptake of PEGylated
polymersomes
hardlyindetectable
within
washed
2B). This
PBD-b-PEO
vivo by eukfluorescence
ryotic cell lines
showing
th tcells
they(Figure
re essentially
notindicates
detected that
by normal
cells [4vesicles
].
Tosignificant
achieve significant
internalization,
the polymersome
interf
ce must
modified with
exhibit
stealthcell
properties
and slow
cellular uptake
even
whenbemodified
withmarkers
fluorescent
promoting
cell upt
keline with earlier reports on uptake of PEGylated polymersomes in vivo by
tracers;
this finding
is in

2.2. Surface Modification of Polymeric Vesicles

eukaryotic cell lines, showing that they are essentially not detected by normal cells [4,6]. To achieve
significant cell internalization, the polymersome interface must be modified with markers promoting
cell uptake.
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Scheme 1. Polymersome surface modifications to promote cell uptake; each can be combined with
Scheme
1. Polymersome surface modifications to promote cell uptake; each can be combined with
Scheme
1. Polymersome
surface
modifications
integration
of SPION in the
membrane
interior. to promote cell uptake; each can be combined with
integration of SPION in the membrane interior.
integration of SPION in the membrane interior.

Figure 2 Confocal images of (A) HeLa cells (negative control), (B) HeLa cells after 12 h incubation
with PBD(1200)-b-PEO(600) polymersomes (1% DEAC labeled), (C) HeLa cells after 12 h incubation
with
light stain
expression
a red
fluorescent
protein control),
(RFP) in lysosomes,
(D) HeL
12 h
Figure 2cellConfocal
images
of (A)
HeLa
cells (negative
(B) HeLa cells
after cells
12 hafter
incubation
Figure
2. Confocal
images
ofcharged
(A) HeLa
cells
(negative
control),
(B) HeLa cells after 12 h incubation
incubation
with
neutrally
but
polycation
coated
PBD(1200)-b-PEO(600)-COOH/b-PEI(800)
with PBD(1200)-b-PEO(600) polymersomes (1% DEAC labeled), (C) HeLa cells after 12 h incubation
with polymersomes
PBD(1200)-b-PEO(600)
polymersomes
(1% DEACoflabeled),
(C) HeLa
cellscationically
after 12 h coated
incubation
(positive
control),
(E fluorescent
F) co-localization
the fluorescently
labeled
with cell light stain
expression
a red
protein (RFP)
in lysosomes,
(D) HeL cells after
12 h
with polymersomes
cell light stain expression
alysosomes
red fluorescent
protein (RFP)
in lysosomes,
(D)negligible
HeLa cells
after 12 h
within
(red). Unmodified
polymersomes
exhibit
uptake
incubation with (green)
neutrally
charged
but polycation
coated PBD(1200)-b-PEO(600)-COOH/b-PEI(800)
incubation
withmodified
neutrally
charged
butF)polycation
coated
PBD(1200)-b-PEO(600)-COOH/b-PEI(800)
while those
cationic
show increased
of internalization
and localization
polymersomes
(positivewith
control),
(E b-PEI
co-localization
offrequency
the fluorescently
labeled cationically
coated
within lysosomes.
polymersomes
(positive control), (E + F) co-localization of the fluorescently labeled cationically coated

polymersomes (green) within lysosomes (red). Unmodified polymersomes exhibit negligible uptake
polymersomes
(green) with
within
lysosomes
(red).increased
Unmodified
polymersomes
exhibit and
negligible
uptake
while those modified
cationic
b-PEI show
frequency
of internalization
localization
while
those
modified
with
cationic
b-PEI
show
increased
frequency
of
internalization
and
localization
within lysosomes.
within lysosomes.
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Branched poly(ethylene imine) or b-PEI is a commonly used non-viral transfection agent
comprising a combination of primary, secondary and ternary amines that strongly interact with
negatively charged molecules such as DNA or native cell membranes [7–9]. Adsorption of these
membrane-disruptive agents to polymeric delivery vesicles was recently exploited for transfection
because the mechanical robustness of the vesicles allows for direct coating without breaking the
membrane integrity [10]; this is a distinct advantage over comparable liposome delivery systems.
Moreover, b-PEI promotes endosomal escape from lytic organelles through an osmotic proton sponge
effect, which is essential for active compounds to reach their intracellular target [6,9,10]. Neutral
polymersomes require hydrolytic cleavage of the amphiphile forming the bilayer to develop lytic
properties through a change of the hydrophilic-hydrophobic balance [36]; that, however, results in
slow uptake kinetics when PEG is used as the non-degradable hydrophilic block [36].
We increased the affinity of b-PEI to the vesicle surface by carboxylation of the hydrophilic
PEO-block with succinic anhydride prior to adsorption of b-PEI to the modified vesicles.
Near-quantitative end-group modification was verified by 1 H-NMR and FTIR spectroscopy (see
synthesis and characterization section in the supplementary material). The resulting acid-terminated
polymer vesicles (−40 mV) exhibited a clear shift in Zeta potential of −36 mV compared to the
unmodified hydroxyl-functionalized diblock-copolymer assemblies (−4 mV) in 0.1× PBS (cf. Figure S4).
The pH in early endosomes of 5–5.5 is close to the pKa of the carboxylic acid functionalization. Hence,
a weakening of the attraction of the polycationic surface coating in the endosome can increase the
membrane disruptive and lytic effects of b-PEI to facilitate endosome disruption.
Addition of 1 mole-equivalent of b-PEI to pre-formed PBD(1200)-b-PEO(600)-COOH vesicles only
yielded a modest change in Zeta potential independent of adsorption time (1–24 h), while addition of
10× mole-excess drastically increased the surface charge. Subsequent syringe filtration through 0.2-µm
PVDF units, however, yielded negative Zeta potentials similar to those obtained for 1 equivalent (eq.)
of b-PEI (−25 mV). In contrast, purification of the sample via size exclusion chromatography over
Sephadex G-75 leads to charge neutralization (−2 mV). This finding implies that the low-Mw b-PEI
polyelectrolyte is adsorbed in patches to the vesicle surface rather than being quantitatively associated
with the entire surface as seen in the case of high-Mw analogues that readily invert surface charge [10].
Zeta potentials of neutral PBD-b-PEO polymersomes and those of the PBD-b-PEOCOOH/b-PEI(800) samples purified by chromatography were almost identical (cf. Figure S4). Despite
this, confocal microscopy showed markedly increased cell uptake for the latter after 24 h incubation
with HeLa cells (see Figure 2). This is attributed to the direct accessibility of the cationic polymer
coating on the vesicle surface, leading to enhanced cell surface recognition.
Sub-cellular co-localization studies were conducted by staining HeLa for specific cell compartments
with CellLight® for 20 h. The stain expresses a red-fluorescent protein tag (RFP) fused to a signaling
peptide, here lysosomal associated membrane protein 1 (lamp1), which provides specific targeting of
cellular lysosomes. 12 h incubation with cationic polymersomes at 300 µg/mL and staining exhibits
co-localized fluorescence near the nuclei (red—lysosomes and green—PBD(1200)-b-PEO(600)-DEAC
in Figure 2). This result implies internalization of polymersomes into lysosomes.
The other alternative we tested for mild surface modification of the vesicles was the covalent
attachment of an oligoamine sequence to the hydrophilic COOH-terminated polymer PEO-block.
Diethyldiethylenetriamine (DEDETA) is frequently employed as cationic lipid transfection agent.
The Mw of the DEDETA fragment is low and thus it is not expected to trigger a significant volume
transition that disintegrates the vesicle, but it could provide a membrane-disruptive potential upon
charging in the endosome. Based on 1 H-NMR a total functionalization degree of 70% was obtained.
Vesicles of PBD(1200)-b-PEO(600)-DEDETA had a Zeta potential of −6 mV compared to −40 mV for
the acid-terminated precursor (cf. Figure S4).
DEDETA-modified vesicles yielded intra-cellular fluorescence comparable to that of unmodified
vesicles (Figure 3A–C), which demonstrates ineffective cell uptake compared to b-PEI coated vesicles,
despite the similar Zeta potential. This suggests that the covalently bonded oligoamine segments
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shielded by the hydrophilic corona while b-PEI coated on the vesicles is accessible to cellular
recognition. Partitioning of a significant fraction of the limited number of cationic end-segments into
recognition P rtitioning of a significant fraction of the limited number of cationic end-segments
into
− and OH
the PEO shell [37] as well as partial aggregation with remaining unconsumed COO
end
the PEO shell [37] as well s p rti l aggregation with rem ining unconsumed COO− nd OH end
segments
can
be
expected.
A
high
Mw
polymer
like
b-PEI
is
likely
to
remain
adsorbed
to
the
surface
segments can be expected. A high Mw polymer like b-PEI is likely to rem in adsorbed to the surface of
theofvesicles
in patches
[37].
the vesicles
in patches.[37]

Figure 3. Confocal images of (A) HeLa cells after 12 h incubation with polymersomes containing 40%
Figure 3. Confocal images of (A) HeLa cells after 12 h incubation with polymersomes containing 40%
DEDETA (1 % DEAC; green) and (B C) the corresponding lysosome (red) co-localization images
DEDETA (1 % DEAC; green) and (B + C) the corresponding lysosome (red) co-localization images;
Image (D) shows HeLa after 12 h uptake with 20% DOEPC-blended lipopolymersomes (green) and
Image (D) shows HeLa after 12 h uptake with 20% DOEPC-blended lipopolymersomes (green) and
(E F) show the co-localization within lysosomes (red)
(E + F) show the co-localization within lysosomes (red).

A third and elegant approach that avoids surface modification of diblock copolymers and
A third
elegantthe
approach
avoidswith
surface
modification
of
diblock
copolymers
and
purific
tionand
is blending
polymericthat
assembly
c tionic
lipids [1
]. This
pproach
is not only
thought
to
largely
avoid
neutrophil
recognition
by
disguising
the
lipid
antigen
underneath
purification is blending the polymeric assembly with cationic lipids [11,38]. This approach is anot
superficial
l yer but
to promote
membraneby
inter
ctions inthe
a pH-independent
way s
only
thoughtPEG
to largely
avoidlsoneutrophil
recognition
disguising
lipid antigen underneath
quaternary PEG
ammonium
groups
charged. Tuning
the cationic
lipid fraction llows
for as
a superficial
layer but
alsoare
topermanently
promote membrane
interactions
in a pH-independent
way
tuning
presentation
of
the
lipid
antigen
to
the
cell
surface
[
].
Incorporation
of
a
lipid
fraction
in
quaternary ammonium groups are permanently charged. Tuning the cationic lipid fraction allows
polymersomes
containing
magnetic
n
noparticles
in
the
hydrophobic
membrane
core
h
s
been
for tuning presentation of the lipid antigen to the cell surface [11]. Incorporation of a lipid fraction
to yieldcontaining
stable vesicles
[22]. nanoparticles in the hydrophobic membrane core has been
in reported
polymersomes
magnetic
Weto chose
1,2-dioleoyl-sn-glycero-3-ethylphosphocholine
chloride salt (DOEPC) to achieve a
reported
yield stable
vesicles [22].
homogeneous lipopolymersome blend. The incorporation of doubly unsaturated lipids was previously
We chose 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine chloride salt (DOEPC) to achieve a
shown to give a uniform lipid distribution within PBD-b-PEO vesicles of moder te Mw [ ] This
homogeneous lipopolymersome blend. The incorporation of doubly unsaturated lipids was previously
homogeneity is supposedly further improved in our case by dditional dispersion through charge
shown to give a uniform lipid distribution within PBD-b-PEO vesicles of moderate Mw [39].
repulsion among the cationic lipids. The Zeta potential of the blended sample was measured to be
This homogeneity is supposedly further improved in our case by additional dispersion through
overall c tionic at
mV The lipid/polymer blend h d considerably higher Zet potential than the
charge
amongmodifications,
the cationic lipids.
The Zeta potential
the blended
wasprepared
measured
otherrepulsion
polymer surface
but considerably
lower Zetof potential
thansample
liposomes
to from
be overall
cationic
at
+16
mV.
The
lipid/polymer
blend
had
considerably
higher
Zeta
potential
blends of DOEPC and POPC (+ mV). The incremental change in Zeta potenti l upon ddition
than
othertopolymer
modifications,
considerably
Zeta potential
than liposomes
of the
DOEPC
POPC wsurface
s nearly
twice as highbut
as when
added tolower
PBD-b-PEO.
This implies
that the
prepared
from
blends
of
DOEPC
and
POPC
(+50
mV).
The
incremental
change
in
Zeta
potential
upon
lipid headgroups are p rtially shielded by the hydrated, neutr l PEO brush surrounding the
addition
of
DOEPC
to
POPC
was
nearly
twice
as
high
as
when
added
to
PBD-b-PEO.
This
implies
polymersome and not directly exposed at the interface as for liposomes [3].
The cationic lipopolymersomes showed the by far highest efficiency for cell upt ke (see Figure 3).
The subcellular loc li tion of cationic lipopolymersomes p ralleled that of b-PEI-co ted and
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that the lipid headgroups are partially shielded by the hydrated, neutral PEO brush surrounding the
polymersome and not directly exposed at the interface as for liposomes [3].
The cationic lipopolymersomes showed the by far highest efficiency for cell uptake8 (see
Materials
of
Figure 3). The subcellular localization of cationic lipopolymersomes paralleled that of b-PEI-coated and
DEDETA-modifiedvesicles.
vesicles. A
A high
high degree
degree of
of co-localization
co-localization with
with lysosomes
lysosomes was observed, although
DEDETA-modified
fluorescence from
fromvesicles
vesiclesinin
are without
s without
significant
fluorescence
the lysosome
staincould
also
fluorescence
areas
significant
fluorescence
fromfrom
the lysosome
stain also
could
be observed
(see3).
Figure
3). The
much
a cruci
f ctor that significantly
be
observed
(see Figure
The much
higher
nethigher
chargenet
is acharge
crucialisfactor
thatl significantly
contributed
contributed
to the
improved
ke of the lipopolymersomes
the other
cationic vesicles.
to
the improved
uptake
of theupt
lipopolymersomes
compared tocompared
the other to
cationic
vesicles.
2.3. Magnetopolymersomes
Superparamagnetic
iron oxide
Superparamagnetic iron
oxide nanoparticles
nanoparticles were
were prepared
prepared through
through thermal
thermal decomposition
decomposition of
of
Fe(CO)
in the
the presence
presence of
of oleic
Fe(CO)5 in
oleic acid
acid to
to control
control their
their size
size and
and morphology;
morphology; the
the resulting
resulting SPION
SPION were
were
subjected
subjected to
to aa rigorous
rigorous protocol
protocol for
for ligand
ligand exchange
exchange to
to produce
produce hydrophobic
hydrophobic SPION
SPION irreversibly
irreversibly
grafted
with
a
dense
shell
of
palmityl-nitrodopamide
(P-NDA),
as
previously
reported
[40].
grafted with dense shell of palmityl-nitrodopamide (P-NDA), as previously reported [ ] Figure
Figure 4A
4A
shows
micrographs of
of the
the synthesized
synthesizedSPION
SPIONwith
withaanarrow
narrowsize
sizedistribution
distributionofof5.0
5.0± ±
shows TEM
TEM micrographs
0.40.4
nmnm.

Figure 4.
4. TEM
ed monodisperse
SPION
with
a size
distribution
of 5.0
Figure
TEMmicrographs
micrographsofof(A)
(A)as-synthesi
as-synthesized
monodisperse
SPION
with
a size
distribution
of
nm
and
(B)
ultra-thin
sections
of
hydrophobic
SPION
embedded
in
PBD(1200)-b-PEO(600)
5.0 ± 0.4 nm and (B) ultra-thin sections of hydrophobic SPION embedded in PBD(1200)-b-PEO(600)
polymersome membranes
membranes prepared
prepared by
by solvent
solvent inversion
inversion at
at 0.5 mg/mL
mg/mL amphiphile
mphiphile concentration.
concentration.
polymersome
The arrows
arrows in
in the
the inset
inset indicate
indicate the
the locations
locations of
of SPION
SPIONin
inthe
themembrane.
membrane.
The

Successful embedding of hydrophobic SPION at high density in the membrane w s achieved
Successful embedding of hydrophobic SPION at high density in the membrane was achieved
using solvent inversion [
] A high density of SPION per vesicle is cruci l to applications as
using solvent inversion [21,25,41,42]. A high density of SPION per vesicle is crucial to applications
magnetic contrast agents s well as for triggered drug delivery, for which susceptibility to
as magnetic contrast agents, as well as for triggered drug delivery, for which susceptibility to
magnetically triggered release is enh nced in direct proportion to the nanoparticle concentration in
magnetically triggered release is enhanced in direct proportion to the nanoparticle concentration in the
the membrane [
] Localization of nanop rticles exclusively in the bilayer region was
membrane [23,43]. Localization of nanoparticles exclusively in the bilayer region was demonstrated by
demonstrated by ultra-thin sectioning of the PBD(1200)-b-PEO(600) m gnetopolymersomes in Figure 4B.
ultra-thin sectioning of the PBD(1200)-b-PEO(600) magnetopolymersomes in Figure 4B. The vesicles
The vesicles are predominately unilamellar t low polymer concentr tions (0 mg/mL in Figure 4B).
are predominately unilamellar at low polymer concentrations (0.5 mg/mL in Figure 4B). Increasingly
Increasingly multilamell r vesicles are observed for samples prepared at higher concentrations
multilamellar vesicles are observed for samples prepared at higher concentrations (cf. 2 mg/mL in
(cf. mg/mL in Figure 5) [ ] Polymersomes with SPION in the membr ne h ve previously been
Figure 5) [22]. Polymersomes with SPION in the membrane have previously been suggested and
suggested and demonstrated as potent m gnetic resonance imaging (MRI) contrast agents [
]
demonstrated as potent magnetic resonance imaging (MRI) contrast agents [12,44]. The high density
The high density of SPION we achieve in the membrane can lead to formation of n noparticle clusters
of SPION we achieve in the membrane can lead to formation of nanoparticle clusters that increase
that increase vesicle permeability nd m gnetic relaxivity [22,45]
vesicle permeability and magnetic relaxivity [22,45].
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Figure 5.
5. TEM
with fluorescent
fluorescent
Figure
TEM ultrathin
ultrathin sections
sections ofof HeLa
HeLa cells
cells after
after 12
12 hh incubation
incubation with
magnetopolymersomes (PBD(1200)-b-PEO(60
), 10%
typical
Overview of
of aa typical
magnetopolymersomes
(PBD(1200)-b-PEO(600),
10% SPION,
SPION, 5%
5% DEAC).
DEAC). (A)
(A) Overview
preparation
showing
few
polymersomes
as
dark
spherical
objects
and
(B)
peripheral
cell
region
with
preparation showing few polymersomes as dark spherical objects and (B) peripheral cell region
a
rare
observation
of
an
internalized
magnetopolymersome.
The
inset
depicts
close-up
with a rare observation of an internalized magnetopolymersome. The inset depicts a close-up of
of aa
multil
mell
r
magnetopolymersome
judged
from
contrast
and
membrane
thickness
multilamellar magnetopolymersome judged from contrast and membrane thickness.

Incorporation of SPION into the block copolymer membrane lead to a drastic decrease in DEAC
Incorporation of SPION into the block copolymer membrane lead to a drastic decrease in DEAC
fluorescence intensity by approximately 7 %, but the signal is still easily distinguished from the cellular
fluorescence intensity by approximately 70%, but the signal is still easily distinguished from the
auto-fluorescence background for 10% w/w SPION loading (cf. Figure S2). The quenching of DEAC
cellular auto-fluorescence background for 10% w/w SPION loading (cf. Figure S2). The quenching
fluorescence is due to non-radi tive tr nsfer of the excitation to the nanoparticle core and the
of DEAC fluorescence is due to non-radiative transfer of the excitation to the nanoparticle core and
nitroc techol within the Förster radius of the SPION. This was demonstrated by the complete
the nitrocatechol within the Förster radius of the SPION. This was demonstrated by the complete
quenching of fluorophores coupled directly to the nanoparticles and therefore residing within a few
quenching of fluorophores coupled directly to the nanoparticles and therefore residing within a few
nm of the SPION core surface. The high SPION density in the membrane ensures similar proximity of
nm of the SPION core surface. The high SPION density in the membrane ensures similar proximity of
the DEAC dye to a SPION acceptor, since DEAC partitions into the membrane interior as shown above.
the DEAC dye to a SPION acceptor, since DEAC partitions into the membrane interior as shown above.
Cell upt ke of polymersomes incorporating SPION by HeL cells was observed by confocal
Cell uptake of polymersomes incorporating SPION by HeLa cells was observed by confocal
microscopy analogously to for polymersomes without SPION. Also, a variation of the fr ction of
microscopy analogously to for polymersomes without SPION. Also, a variation of the fraction of SPION
SPION incorporated in the membrane was performed in these experiments. This showed that also
incorporated in the membrane was performed in these experiments. This showed that also a high
high SPION content does not compromise the non-fouling and ste lth properties of polymersomes
SPION content does not compromise the non-fouling and stealth properties of polymersomes without
without surf ce modification in terms of suppressed cell upt ke. A negligible interaction with serum
surface modification in terms of suppressed cell uptake. A negligible interaction with serum proteins
proteins w s further confirmed by th t no ssoci ted proteins could be detected by n ly ing SPIONwas further confirmed by that no associated proteins could be detected by analyzing SPION-loaded
loaded polymersomes by electrophoresis after incub tion in cell culture medi (see Figure S ).
polymersomes by electrophoresis after incubation in cell culture media (see Figure S5).
Furthermore also TEM confirmed low uptake of unmodified m gnetopolymersomes with a
Furthermore, also TEM confirmed low uptake of unmodified magnetopolymersomes with a
neutral, non-zwitterionic outermost PEG corona. PBD-b-PEO vesicles c n be identified in TEM by
neutral, non-zwitterionic outermost PEG corona. PBD-b-PEO vesicles can be identified in TEM by
positive staining of the unsaturated PBD-block with OsO . A r re event, judged from the analysis of
positive staining of the unsaturated PBD-block with OsO4 . A rare event, judged from the analysis
large number of cells, shown in Figure 5 depicts an internalized, multilamell r SPION-lo ded
of a large number of cells, shown in Figure 5 depicts an internalized, multilamellar, SPION-loaded
polymersome after
h of incubation. Such events were not observed in the negative control but
polymersome after 24 h of incubation. Such events were not observed in the negative control, but
since it is r re also this observation could be an artifact, e.g., due to staining. The presumed ingested
since it is rare also this observation could be an artifact, e.g., due to staining. The presumed ingested
SPION-loaded polymersomes were structurally int ct without any signs of decomposition. Cellul r
SPION-loaded polymersomes were structurally intact without any signs of decomposition. Cellular
ultrastructure was highly conserved (pool of around
s mples). Importantly, upt ke w s very low
ultrastructure was highly conserved (pool of around 100 samples). Importantly, uptake was very low
and no indic tions of excessive apoptosis or necrosis could be detected as consequence of incubation
and no indications of excessive apoptosis or necrosis could be detected as consequence of incubation
with stealth magnetopolymersomes.
with stealth magnetopolymersomes.
TEM micrographs of embedded HeL cells after 24 h of incubation with SPION-loaded
TEM micrographs of embedded HeLa cells after 24 h of incubation with SPION-loaded
PBD(1
)-b-PEO(600) vesicles surface-modified with b-PEI show enhanced uptake compared to
PBD(1200)-b-PEO(600) vesicles surface-modified with b-PEI show enhanced uptake compared to
unmodified stealth magnetopolymersomes (see Figure 6). Incipient signs of SPION degradation were
unmodified stealth magnetopolymersomes (see Figure 6). Incipient signs of SPION degradation
also observed. P rticle degradation is observed in TEM by the appear nce of SPION with increasingly
smaller size and bro dening size distribution. The advantage of using monodisperse SPION as
microcopy m rkers is th t an initi lly very monomodal distribution centered around 5 nm is
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were also observed. Particle degradation is observed in TEM by the appearance of SPION with
increasingly smaller size and broadening size distribution. The advantage of using monodisperse
Materials
10 of
SPION as microcopy markers is that an initially very monomodal distribution centered around 5 nm is
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after 24 h. Figure 6B–F depicts a sequence of events recorded at various locations within a cell. ItIt is
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b-PEI
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nanoparticle
dissolution
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that
likely that b-PEI enforces a proton gradient that efficiently triggers nanoparticle dissolution and that
released decomposition products are responsible for exfoliation of polymer l mellae. A loc lly high
released decomposition products are responsible for exfoliation of polymer lamellae. A locally high
concentration of released iron ions complexing with PEG as tent tively observed in Figure 6 and
concentration of released iron ions complexing with PEG, as tentatively observed in Figure 6 and
reported for dissolved PEGylated SPION [ 8], could influence polymer conformation and in turn
reported for dissolved PEGylated SPION [48], could influence polymer conformation and in turn
affect the packing p r meter of the amphiphile and thereby membrane integrity The accompanying
change in membrane permeability would lead to further rise in local proton concentration across
the membrane and hence autocatalytically ccelerate SPION dissolution. Complexation could le d to
the apparent sep ration of polymer layers containing iron ions from the original assembly into
segregated compartments when the concentration of iron ions reaches above a threshold v lue. The
segregated compartments seem to excrete from the p rent polymersome by budding into individual
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affect the packing parameter of the amphiphile and thereby membrane integrity. The accompanying
change in membrane permeability would lead to a further rise in local proton concentration across the
membrane and hence autocatalytically accelerate SPION dissolution. Complexation could lead to the
apparent separation of polymer layers containing iron ions from the original assembly into segregated
Materials
11 of
compartments when the concentration of iron ions reaches above a threshold value. The segregated
compartments seem to excrete from the parent polymersome by budding into individual clusters
clusters (see Figure 6). Apparently, m king the vesicles c tionic promoted not only endosomal
(see Figure 6). Apparently, making the vesicles cationic promoted not only endosomal uptake,
upt ke, but also both polymersome and SPION degradation in the lysosome. This finding is similar
but also both polymersome and SPION degradation in the lysosome. This finding is similar to
to recent observations of variable degradation r tes for iron oxide n noparticles depending on their
recent observations of variable degradation rates for iron oxide nanoparticles depending on their
surface (polymer) coating in long-term studies in vitro and in vivo [4
].
surface (polymer) coating in long-term studies in vitro and in vivo [49,50].

4. C totoxicity and Iron Content
2.4. Cytotoxicity and Iron Content
Cytotoxicities
of the different types of m gnetopolymersomes were evaluated by a PrestoBlue®
Cytotoxicities of the different types of magnetopolymersomes were evaluated by a PrestoBlue®
ass
y applied to HeLa cells, which assesses the met bolic activity of the cells [51]. The results are
assay applied to HeLa cells, which assesses the metabolic activity of the cells [51]. The results are shown
shown in Figure 7A. Additionally, the upt ke of magnetopolymersomes with different surface
in Figure 7A. Additionally, the uptake of magnetopolymersomes with different surface modifications
modifications was investigated by determining the iron content of cells exposed to
was investigated by determining the iron content of cells exposed to magnetopolymersomes for 24 h
magnetopolymersomes for h using a Ferrozin assay [17].
using a Ferrozin assay [17].
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Cytotoxicity tests of the different cationic magnetopolymersome preparations similarly
exhibited no significant effects on cell vi bility when HeLa cells were incubated t
µg/mL of tot l
polymer m ss (Figure 7A) High-Mw c tionic polymers were reported to yield full inversion of
vesicle surface charge upon adsorption that promotes upt ke, but they were also shown to induce
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the low-Mw b-PEI( ) used in this work appears non-cytotoxic even after 24 h incub tion, nd can
be used as non-toxic surface modification of vesicles. Thus, the reduced efficiency of cell uptake is
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Cytotoxicity tests of the different cationic magnetopolymersome preparations similarly exhibited
no significant effects on cell viability when HeLa cells were incubated at 300 µg/mL of total polymer
mass (Figure 7A). High-Mw cationic polymers were reported to yield full inversion of vesicle surface
charge upon adsorption that promotes uptake, but they were also shown to induce significant cytotoxic
effects such that their action had to be limited by incubation time [10]. In contrast, the low-Mw
b-PEI(800) used in this work appears non-cytotoxic even after 24 h incubation, and can be used as
non-toxic surface modification of vesicles. Thus, the reduced efficiency of cell uptake is offset by
negligible cytotoxicity, i.e., much higher concentrations and longer incubation times can be used.
Covalent surface modification of the magnetopolymersomes with a short cationic oligoamine
segment showed no cytotoxicity, but also resulted in no detectable uptake by fluorescence microscopy,
TEM or by the quantitative Ferrozin assay.
Magnetolipopolymersomes with membranes composed of cationic lipid DOEPC and PBD-b-PEO
showed much higher uptake by all methods of investigation, including the Ferrozin test measuring
iron uptake. It was the only cationic modification approach to show significantly increased iron levels
in the cells by a concentration two times higher than the background control (Figures 7B and S8).
These hybrid vesicles combined enhanced uptake with no demonstrable cytotoxicity at 300 µg/mL
organic concentration (Figure 7A). We emphasize that using a quantitative assay for iron concentration
in the cell that directly corresponds to the uptake per cell of the inorganic nanoparticle marker, we avoid
several weaknesses of traditional methods to determine amphiphile vesicle uptake. The vesicle carries
the quantitative and non-toxic nanoparticle tag in its interior and we do not require post-labeling of
vesicles that have already been taken up by cells. Finding specific labels for vesicle membranes that do
not interact with organelles of the cell is very challenging. An interior nanoparticle label can also be
applied regardless of membrane functionalization strategy, providing a tool to compare the efficiency
of different functionalization methods. Having a label that can only be transported by the vesicular
structure into the cell and which is not subject to lipid-lipid or amphiphile-lipid exchange between
membranes also ensures certainty that we are quantitatively determining vesicular cell uptake and
not just materials transfer. Indeed, this reporter function adds greatly to the multimodal tracking and
imaging functions of the fluorescent magnetosomes.
3. Materials and Methods
3.1. Materials
All chemicals and cell culture media were purchased from Sigma Aldrich (Vienna, Austria).
Assay reagents were obtained from Sigma Aldrich and Carl Roth (Vienna, Austria). CellLight®
Lysosomes-RFP BacMam 2.0 was supplied by Thermo Fisher Scientific (Vienna, Austria).
The synthesis of monodisperse, N-palmityl-6-nitrodopamide coated superparamagnetic iron
oxide nanoparticles (P-NDA-SPION) with a tunable core diameter was described previously [40].
Polybutadiene-block-poly (ethylene oxide), PBD(1200)-b-PEO(600) (Mw = 1800 g/mol, Ð = 1.17)
was obtained from Polymer Source Inc. (Montreal, QC, Canada) and used as received.
1,2-dioleoyl-sn-glycero-3-ethylphosphocholine chloride salt (DOEPC) was purchased from Avanti
Lipids Inc. (Alabaster, AL, USA) and used without further purification.
3.2. Methods
TEM: TEM studies were performed on a FEI Tecnai G2 20 transmission electron microscope
(Brno, Czech Republic) operating at 160 kV. Ultrathin sections were prepared using a Leica Ultracut
UC-7 (Leica Microsystems Inc., Buffalo Grove, IL, USA) equipped with a Diatome Ultra 45◦ diamond
knife (DiATOME, Hatfield, PA, USA). 70-nm slices of fixed and embedded cells were transferred onto
150 mesh hexagonal copper grids coated with Pioloform. After air-drying, samples were investigated
without further staining.
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Confocal Microscopy: All images were recorded on a Leica TCS SP8 Laser Scanning Confocal
Microscope (Leica Microsystems Inc., Wetzlar, Germany) equipped with LCS software and a HC PL
APO 100×/1.40 oil STED white objective. Cells were imaged in transmission mode after seeding
1 mL of cell suspension (~2.5 × 105 cells/mL) in confocal dishes (In-Vitro Scientific, Sunnyvale, CA,
USA) for 24 h. The cells were incubated with fluorescent magnetopolymersomes at 300 µg/mL
for 12 h. For co-localization studies HeLa cells were further stained with CellLight® lysosome-RFP
(Thermo Fisher Scientific, Vienna, Austria) by incubation for 6 h. Samples were excited at 405 nm
(DEAC) or 560 nm (RFP) and their emissions were collected at 420–530 nm (DEAC) and 580–715 nm
(RFP). All samples were imaged at room temperature. All spectra were background corrected for
autofluorescence of the cells.
Dynamic Light Scattering: Hydrodynamic diameters and Zeta potentials were recorded on a
Malvern Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK) in PBS (10 mM NaHPO4 , 2.7 mM
KCl, 137 mM NaCl, pH = 7.4) at 25 ◦ C in 173◦ backscattering mode. Samples were equilibrated for
120 s each and the autocorrelation function was obtained by averaging 3 runs. Samples were diluted
1:10 with Milli-Q for Zeta potential measurements.
3.3. Synthesis
All polymer modifications were conducted under inert atmosphere using standard reaction
procedures. The crude reaction mixtures were purified by liquid-liquid extraction and flash column
chromatography over silica (see synthesis section in the Supplementary Material for details on the
preparations and characterization).
3.4. Sample Preparation
Detailed descriptions of the sample preparation are found in the Supplementary Material. In brief:
Vesicle suspensions: Magnetopolymersomes were formed by assembling the respective mixtures
via solvent inversion (THF into H2 O; 1:10) at 0.5–2 mg/mL total amphiphile concentration similar
to previously published protocols [25]. Samples were sonicated for 30 min at room temperature on
a Transsonic T 460 bath before the organic solvent was evaporated for several hours under a gentle
stream of nitrogen gas. b-PEI coated samples for cell uptake were prepared by forming residue-free
magnetopolymersomes as described above, followed by coating with a 10-molar excess of b-PEI(800)
under magnetic stirring. After an adsorption period of 1 h the samples were purified by gel filtration
over Sephadex G-75 (GE Healthcare Life Sciences, Vienna, Austria).
Cell culture: Human cervical adenocarcinoma cells (HeLa; ACC 57) were obtained from
DSMZ (Leibniz Institute DSMZ—German Collection of Microorganisms and Cell Cultures GmbH,
Braunschweig, Germany) and grown in RPMI-1640 medium supplemented with 10% (v/v)
heat-inactivated fetal calf serum (Gibco), 2 mM L-glutamine + 1%: HEPES buffer, antibiotics and
amino acids in humidified 5% CO2 atmosphere at 37 ◦ C.
Ultrathin-sections: Embedding of cells was conducted in Epon according to a modified protocol
of Glauert and Lewis [54]. Briefly, after uptake HeLa cells were washed twice in PBS and fixed in a
solution of 2.5% glutardialdehyde, 2.5% paraformaldehyde, 2.5 mM CaCl2 and 1% tannic acid in 0.1 M
sodium cacodylate buffer (pH 7.4) for 4 h. Fixation was repeated with a fixative without tannic acid for
20 h at 4 ◦ C. After washing in sodium cacodylate followed by distilled water, cells were post-fixed with
1% osmium tetroxide and 1.5% potassium hexacyanoferrate(III) in water for 1 h followed by 2% OsO4
in water for additional 2 h at room temperature. After brief washing in water, cells were dehydrated
using a graded ethanol series in water (70% − 80% − 90% − 2 × 100%) for 10 min each. After 10 min
incubation in propylene oxide, cells were infiltrated with 30%, 60% and 100% epon in propylene oxide
for 2 h each. Overnight, cells were incubated with fresh 100% epon at room temperature. The resin was
removed and epon mixed with 1.5% accelerator (DMP-30) was added. After 2 h incubation, samples
were transferred into gelatin capsules size 00 and filled up with epon/DMP-30. Blocks were cured at
60 ◦ C for minimum 30 h and stored at room temperature.
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4. Conclusions
We introduced a vesicle platform that allows for multimodal tracking and analysis of the
intracellular fate of delivery vehicles across several length scales by combining optical imaging
with nanoparticles as markers for ultrastructure research. Fluorescent modification of the polymeric
vesicles was achieved by covalent coupling of a non-perturbing coumarin surrogate that is located
predominantly in the membrane interior affecting neither cell recognition nor cytotoxicity. High-density
co-encapsulation of hydrophobic iron oxide nanoparticles into the polymersome bilayer resulted in
considerable fluorescence decrease, but importantly it made it possible to use the SPION as nanoscopic
markers for electron microscopy to determine cellular fate and degradation. In future theranostic
applications it has the further advantage of rendering the vesicles MRI active [12,18,20] and to enable
external control over release of encapsulated compounds by magnetic fields [18–22].
PBD-b-PEO-based magnetopolymersomes showed near complete stealth properties in cultures of
human cervical adenocarcinoma cells due to their dense PEGylation and their mechanical stability that
vastly outperforms PEG-liposomes. The negligible cell uptake predictably led to perfect cell viability.
Interaction with the eukaryotic cell surface and cell uptake was adjusted by several mild surface
modification approaches, adding known cationic transfection agents to the polymersome membrane.
For example, adsorption of membrane disruptive low-Mw, branched poly (ethylene imine) to the
polymersomes led to apparently charge neutral magnetopolymersomes with visually enhanced cell
uptake and no effect on cell viability.
Co-localization studies by fluorescence microscopy and TEM showed that cationically
surface-modified vesicles were preferentially located in lysosomes, which is consistent with an
endosomal uptake pathway. Magnetopolymersome stability in endosomal compartments, however,
seemed influenced by the presence of cationic agents. Multilamellar, b-PEI-coated vesicles showed
exfoliation and segregation of metal-rich polymer lamellae. Such destabilization of the delivery vehicle
and concomitant release of cargo is a requirement for intracellular delivery of therapeutic agents.
However, it also led to dissolution of incorporated SPION that was possibly linked to the exfoliation
by metal ion complexation.
The most efficient cell uptake was observed for magnetopolymersomes with a co-assembled blend
of PBD-b-PEO and DOEPC cationic lipid. These lipopolymersomes had low positive zeta potential
with the lipid headgroup charge shielded by the PEG shell and combined efficient uptake with perfect
cell viability, as evidenced by fluorescence microscopy, TEM and quantification of iron uptake by the
cells. With negligible cytotoxicity, these hybrid vesicles containing SPION as electron microscopy
and magnetic contrast agents were both the simplest to assemble and the most efficient platform
investigated in this work.
In summary, we have investigated the synthesis, assembly and cell interaction of multifunctional
polymersomes. The combination in one platform of the ability to tune cell interactions, fluorescence,
TEM markers and the implied ability to perform in vivo medical imaging and controlled release
exploiting the incorporated but shielded magnetic nanoparticles offers a versatile theranostic platform
for further development.
Supplementary Materials: Detailed synthetic protocols, characterization of compounds and data additional
to that reported in the manuscript can be found in the Supporting Material. The following are available
online at www.mdpi.com/1996-1944/10/11/1303/s1, Figure S1: Normalized absorption and emission curves of
DEAC-CA (left) and PBD(1200)-b-PEO(600)-DEAC (right) in various solvents, Figure S2: Normalized absorption
and emission curves of PBD(1200)-b-PEO(600)-DEAC polymersomes with and without 10% w/w SPION loading,
Figure S3: Confocal images of control magnetopolymersomes prepared via rehydration plus extrusion (100 nm) at
2 mg/mL, Figure S4: Zeta potential distributions of various magnetopolymersomes (10% w/w SPION) prepared at
5 mg/mL in 1× PBS via rehydration and extrusion through 100 nm polycarbonate membranes (Avestin). Samples
were diluted 1:10 with Milli-Q water for measurements, Figure S5: Gel electrophoresis characterization of the
supernatants before and after incubation with magnetopolymerosmes, Figure S6: Cytotoxicity data of fluorescent
magnetopolymersomes (1% DEAC, 10% SPION) prepared via solvent inversion at 2 mg/mL and by rehydration
plus extrusion (31×, 100 nm polycarbonate membrane). Samples were incubated with HeLa cell lines for 12 h
before evaluated by Resazurin assays. Cell viability is evaluated as emission ratio 590/560, Figure S7: Data chart

Materials 2017, 10, 1303

15 of 17

for iron uptake of cationic magnetopolymerosmes (10% SPION) as evaluated by Ferrozin assays (C-cellular
background, PEI–b-PEI modified, poly–DEDETA modified, lipid–DOEPC modified PBD(1200)-b-PEO(600)
polymersomes). Samples were prepared via solvent inversion at 2 mg/mL and homogenized by post-extrusion
(10×, 100 nm).
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DEDETA
DOEPC
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PBD-b-PEO
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branched-poly(ethylene imine)
7-(diethylamino)coumarin
N,N-diethyldiethylenetriamine
1,2-dioleoyl-sn-glycero-3-ethylphosphocholine chloride salt
human cervical adenocarcinoma cells
polybutadiene-block-poly(ethylene oxide)
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In this work, we have studied the interaction of single crystalline, monodisperse
superparamagnetic iron oxide nanoparticles with biological systems, including proteins,
model membranes, cells and cell sheets. The ability to predict the in vivo behavior of
newly synthesized biomedical nanoparticles by using in vitro measurement is still
insufficient. Our main limitation is a lack of understanding of the colloidal interactions
between the core-shell nanoparticles, such as the SPION studied in this work, and all the
components of a complex biological system.
Standard characterization methods employed today generally lack the sensitivity to
measure directly and accurately the surface properties of nanoparticles and their
interactions in complex biological media. Measurements are instead performed under
idealized conditions such as pure water for the nanoparticle characterization and as endpoint measurements instead of directly measuring interactions with biological systems. A
major contribution of this thesis is the application of a range of characterization techniques
to the same, very controlled and uniform nanoparticle systems and to contrast the results
with various model systems.
Important limitations of standard techniques can be exemplified by our studies using
alternative techniques and rationally designed model systems. For example, our
measurements of the interaction of PEGylated SPION with lipid bilayers of varied
composition using QCM-D revealed an underlying positive surface charge of the SPION
core surface, which could not be measured by electrophoretic (zeta potential)
measurements directly on the particles due to technical limitations. While this charge is
screened at high ionic strength, it might still have impact in a demanding biological
environment that has a high protein content and where the particles can be subject to
significant

sheer

stress.

Furthermore,

isothermal

titration

calorimetry

(ITC)

measurements of core-shell SPION with bovine serum albumin (BSA), an abundant
protein in blood, revealed an exothermic interaction between the ‘stealth’ particles and
proteins, which was further supported by gel electrophoresis measurements of the coreshell SPION corona. This contrasted to DLS results, which showed no explicit size
change or induced aggregation and to cell uptake experiments that did not reveal cell
recognition typically attributed to protein adsorption on nanoparticles. Further study using
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ITC were conducted to understand the core size and curvature effect on the protein
binding, as well as the effect of different shells on the binding. This study revealed that
while there is no complete protein corona formed around nanoparticles stabilized by a
polymer brush, a few proteins per particles are associated with the shell. This association
was affected by the size of the particle or the particle shell. Less solvated, e.g.
thermoresponsive, polymer shells seemed to have more protein bound per particle but
with similar dissociation constants. The cell uptake of the thermoresponsive particles was
higher than for PEGylated particles, while the cell viability remained complete for all tested
particles. Again, this combination of techniques is new in its application to core-shell
nanoparticles, but is clearly very powerful and provides detailed information that was
previously obscured. Contrasting various measurement techniques and introducing new
ones thus allows us a refined understanding of nanoparticle interactions and outcomes in
biological systems. Similarly, varying the type and properties of the core-shell
nanoparticles allowed us to find detailed differences in the SPION interactions that were
not evident from e.g. DLS and cell uptake studies. These examples demonstrate the
importance of creating a series of measurements and considering the measurement
principles of various techniques to elucidate nanomaterial colloidal and their biological
interactions. We suggest that the better the nanoparticles and their interactions with
biomolecules and relevant cell cultures in vitro can be characterized, the better the
prediction of their in vivo fate will be.
Another major obstacle that we have tried to tackle in this work, is the tracking and
localization of the nanoparticles on and inside cells. The most common methods to date
for tracking particle uptake mechanisms, is by using fluorescent dyes conjugated to or
often just associated with the particle. This method in general has major drawbacks. In
particular the presence of a fluorophore moiety, which might change the material
interaction or might be lost due to dissociation poses an experimental problem that is
prone to yield artefacts. For SPION (and many other nanoparticles) this problem is even
more severe due to the strong quenching of iron oxide nanoparticles, which is
compounded by the nitrocatechol functionalization scheme used in our work. We had to
face this problem by finding a complementary series of measurement, in order to be able
to determine the uptake of the particles. Although not generally solving these problems,
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we used a combination of physical techniques, variation of core-shell nanoparticle
properties and using membrane models as well as cells to elucidate how the nanoparticle
properties influenced cell surface interaction, cell uptake and internal transport and
degradation. QCM-D, DSC and DLS were used to characterize the particle interaction
with model membranes, and toxicity and iron uptake measurements were used to
correlate their in vitro activity with the model membrane interaction measurements. Using
a combination of fluorescence microscopy, chemical characterization of iron uptake and
the nanoparticles as labels for TEM thin sections, we could further determine the
internalization of nanoparticles and vesicles carrying nanoparticles to verify that increased
uptake was dominated by endocytosis and nanoparticle degradation. From these
measurement we could also conclude that nanoparticle size has a significant influence
on membrane interaction and cell uptake, with 100-nm sized particle being strongly
internalized by endocytosis, while superparamagnetic and nanoparticles stabilized with
polymer shells in the sub-30 nm size range (including shell) are not significantly
endocytosed. However, it was also found that a lower effective shell density on a more
curved nanoparticle, i.e. for smaller core size, in the small size range at a similar grafting
density, leads to slightly stronger membrane and protein interaction that could lead also
to higher recognition in vivo. This demonstrates that a better understanding and
optimization of the polymer brush shell morphology on ultra-small core-shell nanoparticles
with high curvature is important for their application in vitro and in vivo.
In summary, in this work we have improved the methodology to characterize core-shell
biomedical nanoparticles and used it to greatly expand our understanding of the colloidal
interactions of the large range of carefully tailored SPION stabilized by polymer brushes
developed and synthesized by our group. This work emphasizes the importance of
creating a series of in situ and in vitro tests to understand the particle properties and
performance in biological fluids, and by this presumably shorten and make safer the in
vivo step on the way to clinical trials. If we can find a better way to predict the in vivo
response, we can shorten this process, suffer fewer setbacks and reduce development
costs. The results presented in this thesis will aid the design of the next generation of
SPION and related core-shell nanoparticles that should be possible to apply for active
targeting and for theranostics in vivo. Some progress has already been made on the next
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step, which is to add targeting ligands to the polymer shell or polymersomes, e.g. using
the avidin-biotin coupling strategy109 or antibodies67 as a proof of concept. However, a lot
more work is needed to be able to control targeted binding and uptake of nanoparticles,
and to understand how adding a targeting moiety influences all the interactions
experienced by nanomaterials in vitro and in vivo.
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6. Abbreviation
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SPION

super paramagnetic iron oxide nanoparticles

PEG

polyethylene glycol

MRI

Magnetic resonance imaging

QCM-D

Quartz crystal microbalance with dissipation

POZ

poly(2-alkyl-oxazoline)

LCST

lower critical solution temperature

UCST

upper critical solution temperature

ITC

isothermal titration calorimetry

BSA

bovine serum albumin

PC

phosphatidylcholine

PE

phosphatidylethanolamine

PS

phosphatidylserine

SM

sphingomyelin

SLB

supported lipid bilayers

vdW

Van der Waals force

NDA-PEG

nitrodopamine-poly(ethylene glycol)

PNIPAM

Poly(N-isopropylacrylamide)

PiPOx

poly(2-isopropyl-oxazoline)

PEtOx

poly(2-ethyl-oxazoline)

DLS

Dynamic light scattering

TEM

Transmission electron microscopy
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MATERIALS AND METHODS
Table S1: Molar ratios of precursors used in the nanoparticle core synthesis

NP size /nm

Molar ratio Fe(CO)5 / oleic acid

3.3

1 : 1.6

6.7

1 : 2.4

8.0

1 : 2.7

Synthesis of PEG‐NDA:
1. COMU / DMF / N2 / 0°C
2. NDA-HSO4 / NMM / DMF
0°C
rt / 48h / N2

6‐Nitrodopamine‐poly(ethylene glycol)(5kDa) (NDA‐PEG) was synthesized via (1‐Cyano‐2‐ethoxy‐2‐oxoethylidenaminooxy)‐
dimethylamino‐morpholino‐carbenium hexafluorophosphate (COMU) mediated peptide‐coupling reactions3.
Typically 5 g MeO‐PEG(5000)‐COOH were dissolved in 30 mL DMF and pre‐activated for 30 min at room temperature with 0.64
g COMU. The mixture was purged with N2 for 20 min and cooled to 4°C. 0.24 g of NDA‐H2SO4 were dissolved in 2 mL DMF and
mixed with 257 µL n‐Methylmorpholine (nMM). After 10 min the amine containing solution was added dropwise to the activated

S1

PEG at 4°C under N2. The solution was slowly warmed to RT and reacted for 48h. 90mL 3M HCl were added to the mixture and
extracted 3x with CHCl3. The solvent was removed under reduced pressure and the product was collected as a light yellow powder
in 58% yield verified by 1H‐NMR.
Anisotropy: SPION were added to SUV POPC/POPG 9:1 (500µg/ml final concertation). As control, MQ at same volume were
added. The fluorescence probe DPH and TMA‐DPH was incorporated into the SUV by adding the dye dissolved in THF (1 mM) to
vesicles up to a final concentration of 1.25 mM. After incubation, fluorescence and anisotropy were measured using excitation filter
360±35nm and emission filter 430±20nm equipped with polarizer on a Tecan infinite F200 plate reader. Anisotropy values were
automatically calculated by the plate reader software by using conventional methodology.
Förster Resonance Energy Transfer (FRET): Small unilamellar vesicles (SUVs) (POPC/POPG at 1:1 mol ratio) were prepared
by first drying the lipid mixture dissolved in chloroform under N2 stream, and then left over night in lyophilizer. Prior to drying,
the lipid vesicles were additionally supplemented with 1% (molar ratio) 1,2‐dimyristoyl‐sn‐glycero‐3‐phosphoethanolamine‐N‐(7‐
nitro‐2‐1,3‐benzoxadiazol‐4‐yl (N‐NBD‐PE)and 1,2‐dimyristoyl‐sn‐glycero‐3‐phosphoethanolamine‐N‐(lissamine rhodamine B
sulfonyl) (N‐Rh‐PE). The lipids were resuspended in buffer. SUV were prepared from 5ml lipid suspension in buffer placed over
ice water and sonicated using Branson Sonifier 250 at constant duty cycle and output control 4 for 4 cycles of 5 min each with 1
min brakes. 6.7 nm SPION were added to the vesicles (final concentration 25, 50 µM). Fluorescence emission spectra were acquired
at excitation 469 nm and emission was collected at the range 490−650 nm using a Perkin Elmer LS55 Luminescence Spectrometer.
To calculate the extent of FRET efficiency, the following equation was used:
Efficiency (%)=(R_i‐R_(100%))/(R_0‐R_(100%) )×100%
In which R is a ratio of fluorescence emissions NBD‐PE (536 nm)/Rhodamine B‐PE (586 nm). R_i is the ratio in the peptide/ves‐
icles mixtures, R_(100%) was measured following the addition of 20% Triton X‐100 to the vesicles (Triton X‐100 is a detergent
causing complete dissolution of the vesicles), and R_0 corresponds to the ratio recorded for vesicles without any additives.
Fluorescence Quenching: SUVs were prepared according to the procedure above (FRET experiments). Prior to drying, the
lipid vesicles were additionally supplemented with N‐NBD‐PE at a mole ratio of 1:100 (N‐NBD‐PE: total phospholipids). 6.7nm
SPIONs were added to the vesicles (final concentration 25 or 50 µM) The quenching reaction was initiated by adding sodium
dithionite, from a stock solution of 0.6 M in 50 mM Tris buffer (pH 11), to give a final concentration of 1 mM. The decrease in
fluorescence emission was recorded for 10 min at room temperature using 469 nm excitation and 560 nm emission using a Perkin
Elmer LS55 Luminescence Spectrometer.
Guide to comparing nanoparticle concentrations:

S2

Table S2: The molarity of PEG‐SPION in µM corresponding to 1mg/ml nanoparticles and to 1mg/ml Fe in the sam‐
ple depending on PEG‐SPION core size.

Table S3: The weight concentration of PEG‐SPION corresponding to 1mg/ml Fe in the sample depending on PEG‐
SPION core size.

S3

RESULTS
PEG‐SPION hydrodynamic size measured by DLS:

Figure S1: DLS results for 1mg/ml PEG‐SPION with 8.0nm [A], 6.7nm [B] and 3.3nm [C] core sizes in Milli‐Q: size distribution by
volume, number and intensity.
QCM‐D SLB formation:
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Figure S2: A representative graph of SLB formation and PEG‐SPION incubation on SiO2 chip in Milli‐Q measured by QCM‐D. The
change in resonance frequency of the 3rd overtone is shown as function of time, which roughly corresponds to the adsorbed hy‐
drated mass. SLB formation was done in PBS.
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QCM‐D PEGylated SPION adsorption before rinsing:

FIGURE S3: Absolute values of frequency changes observed by QCM‐D after incubation of the four different interfaces with PEG‐
SPION in buffers of different ionic strength (Milli‐Q water (0mM), HEPES (10 mM), HEPES‐BS (160 mM) and PBS (160 mM)) and
before rinsing. The panels show the interaction of A) 3.3nm, B) 6.7nm and C) 8.0nm core size PEG‐SPION. The bars represent the
different interfaces: blue, SiO2; red, POPC; purple, POPC/POPG; yellow, POPC/DOTAP. Error bars are calculated from standard
deviation of at least 3 measurements for each system.
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QCM‐D PEG‐SPION interaction with negatively charged SLB in calcium buffer:

FIGURE S4: Kinetic measurements of the changes in the resonant frequency of the 3rd overtone (roughly corresponding to the
adsorbed hydrated mass) for PEG‐SPION with 6.7nm core size interacting with POPC/POPG supported lipid bilayers formed on
SiO2 in 10 mM HEPES buffer (pH 7.4) and 70mM CaCl2.
QCM‐D Resovist® interaction with SLBs:

FIGURE S5: Kinetic measurements of the changes in the resonant frequency of the 3rd overtone (roughly corresponding to the
adsorbed hydrated mass) for Resovist® interacting with POPC/POPG supported lipid bilayers formed on SiO2 in PBS and Milli‐Q,
respectively.

S6

Fluorescence micrographs:

FIGURE S6: SLB in Milli‐Q (0mM) before bleaching and after recovery. 1A‐B POPC without PEG‐SPION before bleach and after
recovery respectively. 1C‐D POPC after incubation with PEG‐SPION before bleach and after recovery respectively. 2A‐B
POPC/POPG without PEG‐SPION before bleach and after recovery respectively. 2C‐D POPC/POPG after incubation with PEG‐
SPION before bleach and after recovery respectively. 3A‐B POPC/DOTAP without PEG‐SPION before bleach and after recovery
respectively. 3C‐D POPC/ DOTAP after incubation with PEG‐SPION before bleach and after recovery respectively. Each panel is
25×25µm2.
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FIGURE S7: SLB in HEPES (10mM) before bleaching and after recovery. 1A‐B POPC without PEG‐SPION before bleach and after
recovery respectively. 1C‐D POPC after incubation with PEG‐SPION before bleach and after recovery respectively. 2A‐B
POPC/POPG without PEG‐SPION before bleach and after recovery respectively. 2C‐D POPC/POPG after incubation with PEG‐
SPION before bleach and after recovery respectively. 3A‐B POPC/DOTAP without PEG‐SPION before bleach and after recovery
respectively. 3C‐D POPC/ DOTAP after incubation with PEG‐SPION before bleach and after recovery respectively. Each panel is
25×25µm2.

FIGURE S8: SLB in HEPES‐BS (160mM) before bleaching and after recovery. 1A‐B POPC without PEG‐SPION before bleach and
after recovery respectively. 1C‐D POPC after incubation with PEG‐SPION before bleach and after recovery respectively. 2A‐B
POPC/POPG without PEG‐SPION before bleach and after recovery respectively. 2C‐D POPC/POPG after incubation with PEG‐
SPION before bleach and after recovery respectively. 3A‐B POPC/DOTAP without PEG‐SPION before bleach and after recovery
respectively. 3C‐D POPC/ DOTAP after incubation with PEG‐SPION before bleach and after recovery respectively. Each panel is
25×25µm2.
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FIGURE S9: SLB in PBS (160mM) before bleaching and after recovery. 1A‐B POPC without PEG‐SPION before bleach and after
recovery respectively. 1C‐D POPC after incubation with PEG‐SPION before bleach and after recovery respectively. 2A‐B
POPC/POPG without PEG‐SPION before bleach and after recovery respectively. 2C‐D POPC/POPG after incubation with PEG‐
SPION before bleach and after recovery respectively. 3A‐B POPC/DOTAP without PEG‐SPION before bleach and after recovery
respectively. 3C‐D POPC/ DOTAP after incubation with PEG‐SPION before bleach and after recovery respectively. Each panel is
25×25µm2.
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Fluorescence recovery after photobleaching:

FIGURE S10: Kinetics of fluorescence recovery after photobleaching as percent fluorescence recovery of SLB in Milli‐Q (0 mM)
before (continuous orange line) and after 1h incubation with 0.5mg/ml of PEG‐SPION with 6.7nm core size (dashed blue line): A)
POPC, B) POPC/POPG 9:1, C) POPC/DOTAP 9:1. 0.5% NBD‐PC was added to each lipid mixture.

S10

FIGURE S11: Kinetics of fluorescence recovery after photobleaching as percent fluorescence recovery of SLB in HEPES (10Mm)
before (continuous orange line) and after 1h incubation with 0.5mg/ml of PEG‐SPION with 6.7nm core size (dashed blue line): A)
POPC, B) POPC/POPG 9:1, C) POPC/DOTAP 9:1. 0.5% NBD‐PC was added to each lipid mixture.
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FIGURE S12: Kinetics of fluorescence recovery after photobleaching as percent fluorescence recovery of SLB in HEPES‐BS (160Mm)
before (continuous orange line) and after 1h incubation with 0.5mg/ml of PEG‐SPION with 6.7nm core size (dashed blue line): A)
POPC, B) POPC/POPG 9:1, C) POPC/DOTAP 9:1. 0.5% NBD‐PC was added to each lipid mixture.

S12

FIGURE S13: Kinetics of fluorescence recovery after photobleaching as percent fluorescence recovery of SLB in PBS (160mM)
before (continuous orange line) and after 1h incubation with 0.5mg/ml of PEG‐SPION with 6.7nm core size (dashed blue line): A)
POPC, B) POPC/POPG 9:1, C) POPC/DOTAP 9:1. 0.5% NBD‐PC was added to each lipid mixture.
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Anisotropy:

Anisotropy
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FIGURE S14: Anisotropy measurement using DPH and DPH‐ TMA. DPH and TMA‐DPH were incorporated with POPC/POPG
9:1 LUV with and without presence of 0.5mg/ml PEG‐SPION with 6.7nm core size at different incubation time point. No significant
difference in the presence of PEG‐SPION was observed.

FRET:
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FIGURE S15: FRET measurement. POPC/POPG 9:1 LUV incorporated with 1% NBD‐PE and Rh‐PE were incubated with 25 and
50µg/ml PEG‐SPION with 6.7nm core size. The energy transfer from NBD to Rh was measured as the ratio between the emission
peak of NBD (530nm) and Rh (590nm) after excitation of NBD (469nm). Efficiency of the transfer was calculated in reference to
positive and negative control. Change in efficiency can relate to change in the fluidity of the membrane. No effect of the concen‐
tration of PEG‐SPION is observed.
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Quenching:
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Figure S16: Quenching measurement. An energy quencher, Sodium disulfide (from sigma), was added to POPC/POPG 9:1 SUV
incorporated with 1% NBD‐PE. The rate and the amount of quenching can be correlated to changes in penetrability and shape of
the liposomes. Observed differences are within the experimental error.
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Iron Uptake:

Table S4: Percentage of iron taken up by the cells, as a function of amount of iron incubated with the cells.
% of iron taken up/ amount of

Number

Iron incubated with cells

per cell

of

PEG‐SPION

6.7 HeLa

0.70

5.47E+05

8.0 HeLa

0.15

2.47E+05

6.7 HEK

0.73

2.97E+05

8.0 HEK

0.00

2.14E+04
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S1

Figure S1. Heat of dilution of a) 35 mg/ml BSA and b) 50 % FBS, injected into HEPES-BS buffer.

S2

Figure S2. Heat of injection for BSA to core-shell nanoparticle samples (also shown in Figures 1
and 3) measured by ITC, but with fits for the Weisman model using a fixed
the

chosen by rescaling

.5 of the PEG 3.3 nm with the difference in hydrodynamic (area) size per particle. a)

PEG 3.3 nm, b) PEG 6.7 nm c) PEG 8.0 nm, d) PiPOx, e) PEtOx (0.4 chains/nm2), f) PiPOx-coPEtOx and g) PNiPAm

S3

Figure S3. Comparison of -dependence of ∆ for BSA binding to PEtOx-grafted nanoparticles
with different grafting density: PEtOx (0.4 chains/nm2) ( ) and PEtOx (0.7 chains/nm2) ( ). A

lower grafting density led to much more unstable measurements and a dramatic increase in binding
free energy at temperatures approaching the critical solution temperature of the PEtOx brush, while
a higher grafting density yielded a more stable and constant increase in binding free energy with
temperature.

S4

Figure S4. Differential power (heat transfer rate) and enthalpy upon injection of 50 % (v/v %)
FBS to PEGylated SPION in HEPES-BS a) 50 % FBS injected to 3 mg/ml (16.5µM) 3.3nm SPION
in HEPES-BS. b) 50 % FBS injected to 3.75 mg/ml (4.1µM) 6.7nm SPION in HEPES-BS. c) 50
S5

% FBS injected to 6.15 mg/ml (4.1µM) 8.0nm SPION in HEPES-BS. d) 50 % FBS injected to
Resovist® (2.5mg/ml). Each panel contains the raw heat transfer rate data (i) and calculated
interaction enthalpies per injection reflecting the binding isotherms (ii). The continuous lines
represent the fitted model (single base line reduction of FBS to buffer).

S6

Figure S5. Differential power (heat transfer rate) and enthalpy upon injection of BSA to free
polymers a) 35 mg/ml BSA injected to 4 mg/ml PiPOx in HEPES-BS. b) 35 mg/ml BSA injected
to 3.32 mg/ml PEtOx in HEPES-BS. c) 35 mg/ml BSA injected to 4 mg/ml PiPOx-co-PEtOx in
S7

HEPES-BS. d) BSA (35 mg/ml) injected to 4.2 mg/ml PNiPAm. Each panel contains the raw heat
transfer rate data (i) and calculated interaction enthalpies per injection reflecting the binding
isotherms (ii). The continuous lines represent the fitted model.

Figure S6. Differential power (heat transfer rate) and enthalpy upon injection of 35 mg/ml BSA
to 2.5 mg/ml Resovist®. (i) The raw heat transfer rate data. (ii) Calculated interaction enthalpies
per injection reflecting the binding isotherms. The continuous line represents the fitted model.

S8

Figure S7. Differential power (heat transfer rate) and enthalpy upon injection of 35 mg/ml BSA
to PEG 3.3 nm at: a) 15 C b) 25 C c) 30 C d) 35 C e) 40 C.

S9

Figure S8. Differential power (heat transfer rate) and enthalpy upon injection of 35 mg/ml BSA
to PEG 6.7 nm at: a) 15 C b) 25 C c) 30 C d) 35 C e) 40 C.

S10

Figure S9. Differential power (heat transfer rate) and enthalpy upon injection of 35 mg/ml BSA
to PEG 8.0 nm at: a) 15 C b) 25 C c) 30 C d) 35 C e) 40 C.

S11

Figure S10. Differential power (heat transfer rate) and enthalpy upon injection of 35 mg/ml BSA
to PEtOx (0.7 chains/nm2) at: a) 15 C b) 25 C c) 30 C d) 35 C e) 40 C.

S12

Figure S11. Transmission electron microscopy images of A) Resovist® dextran-coated iron oxide
nanoparticle clusters; B-D) monodisperse SPION grafted with NDA-PEG brushes with core
diameter B) 3.3 nm, C) 6.7 nm and D) 8.0 nm.

S13

Figure S12. Mass loss % as a function of temperature recorded by thermogravimetric analysis
(TGA) for SPION grafted by polymer brushes: a) PiPOx b) PEtOx c) PiPOx-co-PEtOx and d)
PNiPAm. The mass loss represents the organic fraction of the core-shell SPION relative the
inorganic fraction (residual mass %) and was used for the calculation of the polymer chain grafting
densities.

S14

Table S1. Weisman -values for nanoparticles using
fixed

extracted from the fits and for assuming a

, respectively.
Sample

-values

∗

-values

PEG 3.3 nm

2.41

1.72

PEG 6.7 nm

0.44

0.21

PEG 8.0 nm

0.43

0.14

PiPOx

0.59

0.06

PEtOx (0.7 chains/nm2)

0.79

0.11

PEtOx (0.4 chains/nm2)

1.20

0.12

PiPOx-co-PEtOx

0.43

0.06

PNiPAm

0.86

0.13

( =1)

Table S2. Enthalpies and entropies of interaction calculated by linear regression from the data in
the van’t Hoff plot (Figure 3).
Sample

-4.3

∆ (kJ/mol/K)

PEG 6.7 nm

8.9

0.13

PEG 8.0 nm

3.0

0.10

PEtOx (0.7 chains/nm2)

43.7

0.25

PEG 3.3 nm

∆

(kJ/mol)

0.08

S15

Table S3. Thermodynamics parameters for the interaction between FBS and nanoparticles grafted
with PEG calculated by fitting the ITC data at 25 C using a model based on a set of identical
protein binding sites. (Single baseline “serum to buffer”.)

Sample

[sites]

[µM]

∆

∆
[kJ/mol]

∆
[kJ/mol/K]

-81±7

-22

-0.20

[kJ/mol]

PEG 3.3 nm

5±0.4

139±7

PEG 6.7 nm

10±9

291±50

-220±210

-20

-0.68

PEG 8.0 nm

4±32

250±160

-340±310

-21

-1.05
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Reagents
2,2-Dimethyl-1,3-dioxane-4,6-dione 98%; 4-(Diethylamino)salicylaldehyde 98%; Piperidine ReagentPlus 99%;
Glacial acetic acid ACS reagent >99.7%; 1,4-Diazabicyclo[2.2.2]octane ReagentPlus ≥99%; Succinic anhydride
>99% (GC); Dicyclohexylcarbodiimide puriss ≥99% (GC); 4-(Dimethylamino)pyridine ReagentPlus ≥99; N,NDiisopropylethylamine ReagentPlus ≥99%; N,N-Diethyldiethylenetriamine 98%; Branched Poly(ethylene imine)
(<Mw> ~ 800 g/mol by LS, <Mn> ~ 600 g/mol by GPC); RPMI-1640 Media; Fetal Bovine Serum (heat
inactivated); L-Glutamine Reagent Plus >99% (HPLC); 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
BioPerformance Certified ≥99.5% (titration, cell culture tested); Glutaraldehyde Solution Grade I 25% in H2O
(for electron microscopy); Paraformaldehyde Reagent Grade (crystalline); Tannic Acid ACS Reagent; Calcium
Chloride Dihydrate ACS Reagent >99%; Sodium Cacodylate Trihydrate BioXtra ≥98%; Potassium
Hexacyanoferrate(III) Reagent Plus ~99%; Osmium Tetroxide Solution 2% in H2O (for electron microscopy);
(±)-Propylene
Oxide
Reagent
Plus
≥99%;
Epoxy
Embedding
Medium
Kit;
2,4,6Tris(dimethylaminomethyl)phenol >95% (NT) Epoxy Embedding Medium Accelerator; Phosphate buffered
saline tablets (0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4),
Milli-Q water (Millipore USA; R=18MΩcm); Ethanol anhydrous ≥99.8%; Acetone Chromasolv Plus for HPLC
≥99.9%; Dichloromethane anhydrous ≥99.8% (contains 40-150ppm amylene as stabilizer); Tetrahydrofuran
Chromasolv Plus for HPLC ≥99.9% (inhibitor-free);
Reagents for fixation and dehydration were purchased from Sigma Aldrich. For infiltration and embedding, the
Epoxy-embedding kit from Fluka was used. Blocks were formed using gelatin capsules size 00 (Agar Scientific).

Methods
H- NMR measurements: 1H -solution spectra were collected on a Bruker DPX spectrometer operating at
300MHz. Chemical shifts were recorded in ppm and referenced to residual protonated solvent (CDCl3: 7.26 ppm
(1H).
1

ESI-MS measurements: Mass spectra were collected using a Q-Tof Ultima ESI (Waters, USA) mass
spectrometer in positive ion mode (range 100-1500 Da). Samples were dissolved in MeOH and diluted to
100µg/ml.
ATR-FTIR measurements: Mid-IR powder spectra of the lyophilized samples were collected using a Bruker
Tensor 37 FTIR spectrometer with a Bruker Platinum Diamond single reflection ATR equipment at a resolution
of 4cm-1 by averaging 32 scans.
UV-Vis measurements: UV-Vis absorption spectra were collected at a scan speed of 400nm/min on a Hitachi
UV-2900 spectrophotometer.
Fluorescence measurements: Fluorescence spectra were collected with a PerkinElmer LS 55 luminescence
spectrometer with a scan speed of 400nm/min and a slit width of 2.5 nm.
TGA/DSC measurements: Thermograms were recorded on a Mettler-Toledo TGA/DSC 1 STAR System in the
temperature range 25-650°C with a ramp of 10K/min under 80mL/min synthetic air gas flow. The mass loss was
evaluated by horizontal step setting.

Synthesis & Characterization

N-palmityl-6-nitrodopamide capped superparamagnetic iron oxide nanoparticles (P-NDA SPIONs)

-

Oleic acid coated magnetite nanoparticles were prepared according to Hyeon et al via thermal decomposition of
iron pentacarbonyl in hot surfactant solution.1 The as-synthesized particles were purified by repeated
precipitation from minimal toluene into excess ethanol.
N-palmityl-6-nitrodopamide was synthesized via COMU mediated peptide coupling according to Bixner et al.2
Ligand exchange and purification of the particles was conducted as in Bixner et al.2 The coating exchange was
performed in CHCl3:DMF:MeOH=6/3/1 by sonicating equal weight amounts of ligand and as-synthesized
SPION under inert atmosphere for 3h. The crude mixture was evaporated to the DMF fraction and precipitated in
MeOH. The sample was washed thrice with hot MeOH and collected via magnetic precipitation. Post-coating
was conducted in minimal 2,6-lutidine in an excess of ligand at 50°C under nitrogen gas for 48h. P-NDA coated
SPIONs were purified by repeated precipitation from hot MeOH.
ATR-FTIR (cm-1): 3600-3000 (b; CONH, OH), 2955 (CH3), 2921 (CH2), 2851 (CH2), 1632 (CONH), 1546
(CONH), 1492 (C=C, NO2), 1468 (CH2), 1437 (C=C), 1374 (CH2), 1320 (NO2), 1276 (C=C, CO), 1226, 1186,
1117, 1098, 1048 (CO), 880 (PhH), 814 (PhH), 571 (Fe3O4), 385 (Fe3O4)
TGA (O2, %w/w): -32; graft= 2.8/nm²

7-(diethylamino)-coumarin-3-carboxylic acid (DEAC-CA)

PipHOAc
EtOH / 80°C / 3h

DEAC-CA was prepared by Knoevenagel condensation of para-substituted ortho-hydroxybenzaldehyde with
alpha-C-H acidic Meldrum’s acid according to Song et al. 3
In brief, a mixture of 4-(diethylamino)salicylaldehyde (20 mmol), Meldrum’s acid (2,2-dimethyl-1,3-dioxane4,6-dione; 2.89 g, 20 mmol), piperidinium acetate (58 mg, 0.4 mmol) and ethanol (10 mL) was stirred at room
temperature for 30 min and refluxed for 3h. The reaction mixture was allowed to cool down to room
temperature, followed by chilling in an ice bath for 1h. The product was filtered, washed three times with and
recrystallized from EtOH. DEAC-CA was obtained as bright orange crystals in ~ 85% yield.

H-NMR (CDCl3, 300 MHz, ppm): 8.65 (s, 1H, Ph-CH=C), 7.46 (d, 1H, Ph), 6.72 (dd, 1H, Ph), 6.54 (d, 1H, Ph),
3.50 (q, 4H, CH2), 1.26 (t, 6H, CH3)
1

ESI-MS (MeOH, m/z): [M]H+ = 262.11, calc. 262.10; [M]Na+ = 284.10, calc. 284.08
UV/VIS (MeOH, nm): 217, 259 (sh), 423
Emission (MeOH, nm): 482 (exc = 420)

Poly(butadiene(1200)-block-ethyleneoxide(600))-O-(7-(diethylamino)-coumarin-3-carboxylic ester) (PBDb-PEO-DEAC)

DEAC-CA / DCC / DMAP
DABCO / DCM / N2 / 3d

100mg PBD-b-PEO were dissolved in 10ml N2-saturated, anhydrous CH2Cl2 (DCM) under sonication. and
subsequently activated for 15 min with 1eq. of 1,4-Diazabicyclo[2.2.2]octane (DABCO). Next, 1.5eq. of 7(Diethylamino)-coumarin-3-carboxylic acid (DEAC-CA) and 0.2eq. 4-Dimethylaminopyridine (DMAP) were
added and the 10% polymer solution was purged with N2 gas for 15min before cooling to 0°C in an ice-bath.
N,N-Dicylcohexylcarbodiimide (DCC, 1.7eq) in 5ml DCM was dropwise added to the magnetically stirred
polymer solution at 0°C. The reaction mixture was allowed to slowly warm to room-temperature and reacted in
the dark for 3 days under inert atmosphere.
The crude reaction mixture was reduced in volume to approx. 5ml, cooled to -20°C and precipitated DCU was
filtered off. The filtrate was diluted with DCM, extracted thrice with 1M HCl, 5% NaHCO3 and washed with
Milli-Q water and brine. The combined organic phases were dried over Na2SO4, and the cooling-filtration
procedure was repeated from minimal acetonitrile (MeCN). The organic phase was loaded onto a SiO2-column
(Silica 60) and washed with several volumes of MeCN to remove excess dye and by-products. The fluorescently
labeled target compound was finally eluted in THF:MeOH=10:1. Lyophilization from THF:Milli-Q (1:10)
yielded PBD-b-PEO-DEAC as a yellow viscous residue (functionalization approx. 10%).

H-NMR (CDCl3, 300 MHz, ppm): 8.54 (s, 0.1H, Ph-CH=C DEAC), 7.63 (d, 0.1H, PhH DEAC), 7.06 (dd, 0.1H,
PhH DEAC), 6.93 (d, 0.1H, PhH DEAC), 5.45 (m, 24H, -C=CH- 1,2-BD, -HC=CH- c,t-1,4-BD), 4.94 (t, 40H,
H2C=C- 1,2-BD), 4.19 (t, 0.2H, -CH2COO-), 3.66 (m, 60H, -CH2OCH2- EG), 2.25-1.8 (m, 28H, -CH2CH- 1,2BD, -H2C-C=C c,t-1,4-BD), 1.5-1.0 (m, 40H, -CH2CH- 1,2-BD & - alkyl-CH2 & DEAC-Me2), 0.85 (t, 3H, alkylMe)
1

ATR-FTIR (powder, cm-1): 3074 (=CH BD), 2972 (CH2 BD), 2913 (CH2 BD), 2890 (CH2 EG), 1826 (comb.),
1735 (COOR), 1640 (C=C BD), 1622 (C=C aromatic), 1589 (C=C aromatic), 1514 (C=C aromatic), 1452 (CH2
BD & EG), 1418 (CH2 BD), 1343 (CH2 EG), 1280 (CH2 BD), 1241 (CH2 BD), 1143 (C-C & C-O EG), 1107 (CC & C-O EG), 1061 (C-C & C-O EG), 993 (=CH BD), 963 (CH2 EG), 907 (=CH BD), 842 (CH2 EG), 673, 528
UV/VIS (MeOH, nm): 223, 259 (sh), 420
Emission (MeOH, nm): 474 (exc = 420)

Polybutadiene(1200)-block-polyethyleneoxide(600)-carboxylic acid (PBD-b-PEO-COOH)

SucO / DMAP / DIPEA
DCM / N2 / reflux /12h

100mg PBD-b-PEO were dissolved in 10ml CH2Cl2 (DCM) under sonication and activated with 1eq. of 1,4Diazabicyclo[2.2.2]octane (DABCO) for 15 min. 0.2eq 4-Dimethylaminopyridine (DMAP) and 3eq succinic
anhydride (SucO) in 2ml DCM were dropwise added to the above solution and purged with N2 for 10min. The
reaction mixture was refluxed overnight under inert atmosphere.
The crude product was diluted with DCM, extracted thrice with 1M HCl, 5% NaHCO3, washed with Milli-Q and
brine. The organic phases were dried over Na2SO4, evaporated and dried in high vacuum overnight to yield ~ 95
% of a transparent viscous residue (functionalization approx. 75%).

H-NMR (CDCl3, 300 MHz, ppm): 5.45 (m, 24H, -C=CH- 1,2-BD, -HC=CH- c,t-1,4-BD), 4.94 (t, 40H, H2C=C1,2-BD), 4.29 (t, 1.55H, -CH2COO-), 3.66 (m, 60H, -CH2OCH2- EG), 2.67 (t, 2.95H, -OOCCH2CH2COOH),
2.5-1.8 (m, 28H, -CH2CH- 1,2-BD, -H2C-C=C c,t-1,4-BD), 1.5-1.0 (m, 40H, -CH2CH- 1,2-BD & alkyl-CH2),
0.85 (t, 3H, alkyl-Me)
1

ATR-FTIR (powder, cm-1): 3680-3300 (b, COOH), 2972 (CH2 BD), 2913 (CH2 BD), 2890 (CH2 EG), 1826
(comb.), 1735 (COOR), 1640 (C=C BD), 1447 (CH2 BD & EG), 1418 (CH2 BD), 1349 (CH2 EG), 1330
(COOR), 1300 (COOR), 1249 (CH2 BD), 1101 (C-C & C-O EG), 1039 (C-C & C-O EG), 993 (=CH BD), 951
(CH2 EG), 907 (=CH BD), 860 (CH2 EG), 774, 675, 522

Polybutadiene(1200)-block-polyethyleneoxide(600)-N-{2-[[2-(diethylamino)ethyl]amino]ethaneamide}
(PBD-b-PEO-DEDETA)
DEDETA / DCC / DMAP
DIPEA / DCM / N2 / 12h

100mg of the above reacted PBD-b-PEO-COOH were dissolved in 10ml CH2Cl2 (DCM) under sonication at
room temperature before 1eq. 4-Dimethylaminopyridine (DMAP) and 1.5eq of N,N-Diethyldiethylenetriamine
(DEDETA) in 1ml CH2Cl2 were added. The stirred solution was cooled to 0°C in an ice-bath before 1.2eq of
Dicyclohexylcarbodiimide (DCC) in 2ml CH2Cl2 were added dropwise. The reaction mixture was slowly
allowed to warm to room temperature and reacted overnight under inert atmosphere.
The crude product was reduced to approx. 5ml, cooled to -20°C and filtered to remove precipitated DCU. The
filtrate was diluted with DCM, extracted thrice with 1M HCl, 5% NaHCO3 and washed with Milli-Q and brine.
The organic phases were pre-dried over Na2SO4, evaporated and filtered from minimal acetonitrile (MeCN). The
resulting product was purified by flash chromatography over SiO2 in MeCN and eluted in THF:MeOH=10:1.
After drying in high vacuum overnight PBD-b-PEO-DEDETA was obtained in ~ 90% yield as a transparent to
off-white viscous residue (conversion approx. 95%; functionalization approx. 70%).

H-NMR (CDCl3, 300 MHz, ppm): 8.21 (b, 0.7H, -CONH-), 5.45 (m, 24H, -C=CH- 1,2-BD, -HC=CH- c,t-1,4BD), 4.94 (t, 40H, H2C=C- 1,2-BD), 4.26 (t, 1.4H, -CH2COO-), 3.66 (m, 60H, -CH2OCH2- EG), 3.2-3.1 (b,
0.7H, -NH-), 2.72 (q, 1.5H, -CH2N-), 2.49 (t, 2.9H, -OOCCH2CH2COO-), 2.25-1.8 (m, 28H, -CH2CH- 1,2-BD, H2C-C=C c,t-1,4-BD), 1.5-1.0 (m, 40H, -CH2CH- 1,2-BD & alkyl-CH2), 0.94-0.78 (m, 7H, alkyl-CH3 & N(termCH3)2)

1

ATR-FTIR (powder, cm-1): 3630-3150 (b, CONH, NH), 2972 (CH2 BD), 2913 (CH2 BD), 2890 (CH2 EG), 1826
(comb.), 1735 (COOR), 1665 (CONH), 1640 (C=C BD), 1540 (CONH), ), 1447 (CH2 BD & EG), 1418 (CH2
BD), 1378, 1349 (CH2 EG), 1330 (COOR), 1300 (COOR), 1249 (CH2 BD), 1101 (C-C & C-O EG), 1039 (C-C &
C-O EG), 993 (=CH BD), 951 (CH2 EG), 907 (=CH BD), 860 (CH2 EG), 774, 675, 522

Characterization of magnetopolymersome assemblies

UVVIS and luminescence spectra of DEAC labeled-diblock copolymer assemblies

Fig S1. Normalized absorption and emission curves of DEAC-CA (left) and PBD(1200)-b-PEO(600)-DEAC
(right) in various solvents.

Fig S2. Normalized absorption and emission curves of PBD(1200)-b-PEO(600)-DEAC polymersomes with and
without 10%w/w SPION loading.

Confocal images of cell-uptake for different preparation methods

Fig S3: Confocal images of control magnetopolymersomes prepared via rehydration plus extrusion (100nm) at
2mg/ml. (A) HeLa cells (negative control), (B) HeLa cells expressing RFP after CellLight® staining, (C) HeLa
cells after 12h incubation with cationic b-PEI adsorbed to the polymersomes (1% DEAC labeled), (D) colocalization of cationic fluorescent magnetopolymersomes with b-PEI adsorbed to the vesicle surface (green) in
lysosomes (red) after 12h incubation, (E) HeLa cells after 12h incubation with DEDETA-modified
polymersomes, (F) co-localization of (E), (G) HeLa cells after 12h incubation with EDOPC-blended PBD(1200)b-PEO(600)-OH vesicles and (H) co-localization of (G).

Zeta potential distributions of various nanoparticle-diblock copolymer assemblies

Fig S4: Zeta potential distributions of various magnetopolymersomes (10%w/w SPION) prepared at 5mg/ml in
1x PBS via rehydration and extrusion through 100nm polycarbonate membranes (Avestin). Samples were diluted
1:10 with Milli-Q water for measurements. (A) PBD(1200)-b-PEO(600)-OH (5% DEAC labeled), (B)
PBD(1200)-b-PEO(600)-COOH, (C) PBD(1200)-b-PEO(600)-COOH / b-PEI(800) (10x; Sephadex G-75), (D)
PBD(1200)-b-PEO(600)-DEDETA (50%n/n), (E) PBD(1200)-b-PEO(600) / EDOPC (30%n/n) and (F) POPC /
EDOPC (30%n/n).

Table 1. Data chart for various magnetopolymersome preparations with dH~140nm (prepared via rehydration
plus extrusion)

sample

-Pot
[mV]

PBD-b-PEO-OH

-4.2 (±5.3)

PBD-b-PEO-COOH

-39.9 (±8.9)

PBD-b-PEO-COOH / b-PEI (10x; SEC)

-2.3 (±2.9)

PBD-b-PEO-DEDETA (50%)

-6.3 (±6.1)

PBD-b-PEO-OH / DOPC+ (30%)

+15.6 (±9.7)

POPC / DOPC+ (30%)

+45.3 (±8.5)

Gel-electrophoresis characterization of the supernatant before and after uptake

pre-stained standard
RPMI-1640

1

PBD(1200)-b-PEO(600)-DEAC
Fluorescent polymersomes

2

PBD(1200)-b-PEO(600)-DEAC /
30% SPION
Fluorescent magnetopolymeromses

3

PBD(1200)-b-PEO(600)-DEAC /
30% POPC
Fluorescent lipopolymersomes

Fig S5: Gel electrophoresis characterization of the supernatants before and after incubation with
magnetopolymerosmes.

Cytotoxicity chart for different preparation methods
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Fig S6: Cytotoxicity data of fluorescent magnetopolymersomes (1% DEAC, 10% SPION) prepared via solvent
inversion at 2mg/ml and by rehydration plus extrusion (31x, 100nm polycarbonate membrane). Samples were
incubated with HeLa cell lines for 12h before evaluated by Resazurin assays. Cell viability is evaluated as
emission ratio 590/560.

Evaluation of iron content from uptake of cationic magnetopolymersomes

Fig S7: Data chart for iron uptake of cationic magnetopolymerosmes (10% SPION) as evaluated by Ferrozin
assays (C-cellular background, PEI – b-PEI modified, Poly – DEDETA modified, Lipid – EDOPC modified
PBD(1200)-b-PEO(600) polymersomes). Samples were prepared via solvent inversion at 2mg/ml and
homogenized by post-extrusion (10x, 100nm).
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