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Abstract
The surface properties of intravenously injected nanoparticles determine the acquired blood
protein adsorption pattern and subsequently the organ distribution and cellular recognition. A
series of poly[acrylonitrile-co-(N-vinyl pyrrolidone)] (PAN) model nanoparticles (133-181 nm)
was synthesized, in which the surface properties were altered by changing the molar content
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of NVP (0 to 33.8 mol-%) as the more hydrophilic repeating unit. The extent of achieved
surface property variation was comprehensively characterized. The residual sodium dodecyl
sulfate (SDS) content from the synthesis was in the range 0.3-1.6 µg·ml-1, potentially
contributing to the surface properties. Surface hydrophobicity was determined by Rose
Bengal dye adsorption, hydrophobic interaction chromatography (HIC) and aqueous two-
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phase partitioning (TPP). Particle charge was quantified by zeta potential (ZP)
measurements including ZP-pH profiles. The interaction with proteins was analyzed by ZP
measurements in serum and by adsorption studies with single proteins. Compared to
hydrophobic polystyrene model nanoparticles, all PAN were very hydrophilic. Differences in
1

surface hydrophobicity could be detected, which did not linearly correlate with the
40

systematically altered bulk composition of the PAN nanoparticles. This proves the high
importance of a thorough surface characterization applying a full spectrum of methods,
complementing predictions solely based on bulk polymer composition.
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1. Introduction
The still unrealized pharmaceutical dream is to design intravenously administered
50

nanocarriers for site specific targeting in a controlled way in vitro. Trial and error should be
replaced by controlled development. The meanwhile accepted theory for achieving this aim is
the theory of differential protein adsorption: intravenously injected particles adsorb a distinct
pattern of proteins, which then defines their in vivo fate, e.g. rapid uptake by the immune
system (mainly liver and spleen macrophages), long-term circulation in the blood stream, or
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accumulation in specific tissues (e.g. brain, bone marrow). The composition of the protein
corona bound to the polymeric nanocarriers is determined by the physico-chemical
properties of the nanocarrier surface, e.g. charge, surface hydrophobicity, functional groups
etc. Knowing this correlation of “surface properties − adsorption pattern − organ distribution”,
one can theoretically design nanocarriers with surface properties, which lead automatically to
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a preferential adsorption of proteins that mediate the adherence to the desired target area
(Müller and Heinemann, 1989).
The principal capability of a differential protein adsorption mediating organ distribution has
been realized by chance in very few cases. One of the most prominent examples are Tween®
80-coated polymeric nanoparticles loaded with darlagin (Kreuter et al., 1997). After injection,
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they preferentially adsorb apolipoprotein E leading to uptake and penetration across the
2

blood-brain barrier (Müller, 2001). Still, this carrier concept is not yet perfect. As for most
nanocarriers dedicated for a distinct organ targeting, there is a competitive accumulation in
other tissues, in this case in the liver, which leads to only a minor fraction localizing in the
brain. However, these particles prove that the approach of differential adsorption is working
70

in principle. To develop nanocarriers in a controlled way, one needs to thoroughly analyze
their physicochemical properties with relevance for the protein adsorption pattern and organ
distribution.
Many studies are limited to the characterization of only two nanoparticle properties (e.g.
typically size and charge), which is not sufficient to fully understand relevant aspects such as
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surface hydrophobicity that are often completely neglected. More systematic characterization
studies have been performed with non-biodegradable surface modified polystyrene model
nanoparticles (Armstrong et al., 1997; Gessner et al., 2002; Gessner et al., 2003; Moghimi,
1997, 2002; Moghimi et al., 1993; Nagayama et al., 2007; Ogawara et al., 2004). It should be
noted that hydrophobicity is often not experimentally assessed but hypothesized from the
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chemical nature of the matrix material of the particle. However, surface properties are not
only defined by the matrix (bulk) composition, but are influenced by many other factors such
as preferential orientation of polymer segments in the interphase, the distribution of the
comonomers in the polymer chains, the presence of surfactants used for stabilizing nascent
particles during preparation, or chemical alteration of moieties exposed at the surface.
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Importantly, besides specific functional ligands causing selective protein binding, surface
hydrophobicity is a key parameter for the adsorption of blood proteins and should be
quantified by analytical methods in addition to assumptions based on the bulk polymer
composition.
Ideally, the applied methods should yield data having relevance for the in vivo situation. One
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occasionally followed approach is the characterization of contact angles of compressed dry
nanoparticle films; however, these data may not be predictive as the nanoparticles are not
analyzed in their original aqueous environment, i.e. in the hydrated state, but require
intermediate drying steps. Alternatively, nanocarriers may be studied in their original
3

aqueous suspension by standardized adsorption of detectable probes such as dyes or by a
95

comparative analysis of nanoparticle retention at stationary phases with different surface
functionalization.
To move away from polystyrene and to put the analysis on a broader basis, a series of
poly[acrylonitrile-co-(N-vinyl pyrrolidone)] [PAN] nanoparticles with systematic variation of
their composition based on acrylonitrile (AN) and N-vinyl pyrrolidone (NVP) as co-monomers
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should be analyzed (Li et al., 2012). While polyacrylonitrile is a water-insoluble polymer,
poly(N-vinyl pyrrolidone) [PVP] is water soluble, thus more hydrophilic. These materials are
generally considered to be non-degradable and thus are suitable as model systems that do
not experience substantial alteration of properties in aqueous environment, although it
cannot be absolutely excluded that exposed moieties at the surface may to a minor extent be

105

subject of a chemical alteration like hydrolysis. Such nanoparticles, in this case with a
fluorescent dye loading, illustrated a very rapid dose-dependent endocytosis by endothelial
cells in vitro in serum-based cell culture medium for nanoparticles with low NVP content. In
contrast, nanoparticles with an NVP content ≥ 20 mol-% were incorporated only by a small
fraction of the cells, which was not systematically enhanced when strongly increasing the
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particle dose (Wischke et al., 2013).
Apparently, a variation in the copolymer composition of PAN can result in differences in
biological recognition and subsequent cellular fate. However, it remains to be shown to which
extent the surface properties of the nanoparticles as well as the protein interaction differ
within this family of materials and can account for the observed biological effect.
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Nanoparticles with “theoretically predicted” different hydrophobicity were synthesized by
miniemulsion polymerization with variation of the NVP content between 0 and 33.8 mol-%.
Since miniemulsion polymerization requires the use of a detergent such as sodium dodecyl
sulfate (SDS) that subsequently is removed by dialysis to the greatest possible extent, the
analysis of residual surfactant was included. Accordingly, in this study, the model
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nanocarriers were intensively characterized in various physicochemical parameters, and the
data critically discussed to the protein adsorption in single protein model solutions. Emphasis
4

is especially given to discuss experimental conditions to obtain results, which are possibly
meaningful for the in vivo interaction. The results presented here are also of interest for
implants made from polymeric biomaterials, i.e., their biocompatibility depending e.g. on the
125

type of proteins adsorbed (opsonins and inflammation versus dysopsonins such as human
serum albumin (HSA) and shielding effect).

2. Methods
2.1 Particle synthesis and purification
130

As described earlier (Wischke et al., 2013), miniemulsions containing 2 g of monomers or comonomer mixtures (AN ≥ 99%, NVP ≥ 99%, both purified prior to use), 200 mg hexadecane
(≥ 99%), 40 mg 2,2-azobis(2-methyl-butyronitrile) [≥ 98%], and a dispersion medium of 38 ml
water supplemented with 80 mg SDS (≥ 99%) were prepared by sonication (90% Amplitude,
Sonopuls HD 2017 with a 70 G probe; Bandelin, Berlin, Germany) in an ice bath (all
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chemicals purchased from Sigma-Aldrich, Steinheim, Germany). Polymerization to PAN
nanoparticles was performed at 77 °C under stirring for 7 h. Diluted suspensions were
dialyzed (Visking type 20/32 membrane tubing, Carl Roth GmbH, Germany) against 2.5 l of
deionized water for 6 days at room temperature. The particle concentration was in the range
of 2.7 to 5.3 mg·ml-1 after dialysis, with a standardized concentration of 3 mg·ml-1 being used
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in single protein adsorption experiments.

2.2 Analysis of copolymer composition and molecular weight
The copolymer composition was determined by

1

H-NMR using lyophilized samples

(500 MHz, DMSO-d6). The NVP and AN contents were calculated by x(NVP) = 100-x(AN)
145

and x(AN) = (I2.35-1.50 - 6·I4.4-4.0)·(I2.35-1.50 - 4·I4.4-4.0)-1 based on the peak assignment reported
before (Wan et al., 2005). The numbers given in the sample codes correspond to the
determined NVP content, e.g., PAN 10.8 as copolymer nanoparticles comprising 10.8 mol-%
NVP (a precision of the method in the range of ± 3 mol% should be considered).

5

Gel permeation chromatography (GPC) of filtered samples (0.20 µm PTFE syringe filters)
150

was conducted at 250 x 4.6 mm GRAM gel columns (300 nm and 3 µm porosity, 10 µm gel;
Polymer Standard Service GmbH, Mainz, Germany) at 35 °C with a flow rate of 0.25 ml·min-1
using dimethylformamide with 50 mmol ammonium acetate as eluent.

2.3 Characterization of particle size and morphology
155

Particle size and size distribution were determined by dynamic light scattering (DLS) using a
DelsaTM Nano C (Beckman Coulter, Krefeld, Germany). Prior to the measurement, 50 µl of
the suspension of nanoparticles were diluted with 1 ml of deionized water. The
measurements were performed at room temperature using quartz glass cuvettes (Quartz
glass SUPRASIL®, 3500 µl, Type 100-QS, Hellma Analytics, Müllheim, Germany).
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The morphology of the nanoparticles was evaluated by scanning electron microscopy (SEM)
using a Gemini SupraTM 40 VP (Carl Zeiss NTS GmbH, Oberkochen, Germany) at 10 kV
with a secondary electron detector. Sample preparation involved a 10fold dilution of the
nanoparticle suspension and a spreading of the samples on a glass slide of 10 mm diameter
using a spin coater at 5000 rpm for 30 seconds (Laurell Spin Coater Modell 650).

165
2.4 Analysis of surface charge
The surface charge of nanoparticles was estimated by measuring the zeta potential using a
DelsaTM Nano C (Beckman Coulter, Krefeld, Germany). Prior to the measurement, 50 µl of
the suspension of nanoparticles were diluted with 1 ml of the different media employed,
170

deionized water and citrate plasma (pooled; DRK – Deutsches Rotes Kreuz, Germany). The
measurements were conducted at room temperature using the Standard Flow cell (Beckman
Coulter, Krefeld, Germany). Additionally, a pH profile of each sample was recorded from pH
2 to pH 9 with manual adjustment of pH for fresh sample aliquots using sodium hydroxide
(Sodium hydroxide solution, 0.1 N, Merck KGaA, Darmstadt, Germany) and hydrogen
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chloride (Hydrogen chloride, 0.1 N TitriPUR®, Merck KGaA, Darmstadt, Germany).

6

2.5 Residual surfactant
2.5.1 X-ray photoelectron spectroscopy (XPS). Prior to the measurement, nanoparticle
suspensions were dried on glass slides to create film-like deposits. The measurement was
180

performed in a XPS spectrometer Axis Ultra of Kratos Analytical Ltd. (Manchester). A
monochromatic Al k-alpha radiation was used as energy source (emission 5 mA; anode HT
15 kV). All spectra were recorded at a pass energy of 160 eV with dwell times of 0.1 seconds
(survey scans) and 0.25 seconds (region scans). The removal of polymer surface layers was
carried out with an ion gun at a pressure of 3·10-6 Torr using two different modes (PAH-mode
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at 8 kV acceleration HT using coronene, and Ar-mode at 5 kV acceleration HT using Argon).

2.5.2 High-resolution molecular absorption spectrometry. For sulfur determination, an
experimental setup (developed at Leibniz-Institut für Analytische Wissenschaften, ISAS,
Berlin) based on a ContrAA 600 Spectrometer (Analytik Jena AG, Jena, Germany) was used,
190

which comprises a miniaturized graphite tube of 2 mm in diameter and a unique autosampler for accurate handling of small sample volumes down to 30 nl. For analysis of the
molecular absorption of formed CS as measured at 257.9567 nm, a pyrolysis temperature of
600 °C and a vaporization temperature of 2100 °C were employed. 1% calcium solution was
utilized as a matrix modifier. The samples did not need any treatment before the
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measurement.

2.6 Characterization of particle hydrophobicity
2.6.1 Contact angle (dry state). To estimate the hydrophobicity of the nanoparticles, a
Droplet Shape Analyzer 100 (Krüss, Germany) equipped with a video camera was employed.
200

Prior to the measurement, 1 ml of the nanoparticles suspension was spread and dried on
circular glass slides with a diameter of 22 mm. A drop of water was placed on the dried
samples and the contact angle was determined by picture analysis.

7

2.6.2 Rose Bengal chromatographic adsorption assay. Increasing concentrations of
205

nanoparticles (0.5 - 1 - 1.5 - 2 - 2.5 - 3 mg·ml-1) with a fixed concentration of 20 µg·ml-1 of
Rose Bengal dye (Rose Bengal sodium salt; dye content ≥ 85%, Sigma Aldrich, Steinheim,
Germany) were incubated for 20 min at room temperature. After the incubation period, the
samples were centrifuged in a Biofuge Stratos 230V 50/60 Hz (Heraeus, Germany) at 23,300
rpm (50,377 x g) for 15 min. The supernatant was collected using a syringe. The absorbance
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of unbound dye was measured at 549 nm (Cary 50 Bio UV/Vis spectrometer, Varian) after a
1:4 (v/v) sample dilution with deionized water and compared to a standard curve of the dye.

2.6.3 Hydrophobic interaction chromatography (HIC). The HIC was performed using a
column C 10/20 (Pharmacia Biotech, Sweden) filled with octyl agarose (Octyl-Sepharose,
215

Sigma-Aldrich). Particle suspensions containing 0.1 mg particles were eluted with MilliQ®
water (18.2 MΩcm, MilliQ® system, Millipore, Germany). The elution medium was pumped
with a velocity of 2 ml·min-1 (Knauer Pump Type 6400). The elution peaks were recorded by
UV reading (Kontron Instruments Detector 430) at 300 nm.
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2.6.4 Two phase partitioning (TPP). TPP was performed by partitioning nanoparticle
dispersions in a two phase system. The two phase system was formed by mixing equal
amounts of 12% (m/v) polyethylene glycol (PEG) 2000 (Fluka) and 16% (m/v) dextran FP 40
(SERVA Electrophoresis) in a tube (12 ml). The nanoparticle concentrations were
determined in each phase applying UV reading, whereby partitioning equilibrium was
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reached after 24 h. To exclude particle aggregation during partitioning, z-averages (Zetasizer
Nano ZS) were measured after 24 h. From this, the samples PAN 6.8 (size: +50%) and PAN
33.8 (+32.3%) had to be excluded from this analysis due to strong particle aggregation in the
PEG phase (limit was +12.5%). All measurements were repeated three times.

8
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2.7 Single protein adsorption
2.7.1 Sample incubation. Bovine serum albumin (BSA) and fibronectin (FN) were purchased
from Sigma Aldrich (Steinheim, Germany) and used at different concentrations for BSA
(40 mg·ml-1) and FN (400 µg·ml-1). A concentration of 3 mg·ml-1 of nanoparticles was
incubated with each protein solution at 37 °C for 24 h. After the incubation period, the
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mixtures were centrifuged in a Biofuge Stratos 230V 50/60 Hz (Heraeus, Germany) at 23,300
rpm (50,377 x g) for 45 min. The supernatant and pellet were separated using a 1 ml syringe
and the pellet was freeze-dried.

2.7.2 Bicinchoninic acid (BCA) assay. For analysis of the protein concentration of the
240

supernatant, the QuantiProTMBCA Assay kit (Sigma Aldrich, Steinheim, Germany) was used.
100 µl of the supernatant were mixed with 100 µl of the BCA reagent in a 96 well plate and
incubated for 3 hours at 37 °C. A standard curve from 0–75 µg·ml-1 of each single protein
was handled along with the samples. If necessary, the samples were diluted for
measurement. The absorbance was measured at 562 nm using a microplate reader (Infinite®
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200 PRO, Tecan, Switzerland).

2.7.3 HPLC amino acid analysis. The quantity of adsorbed protein on the pellet was
determined after acidic hydrolysis of the proteins, for which freeze dried samples were
incubated with 1 ml of 6N HCl at 115 °C for 24 h using a digital dry block heater. The sample
250

volume was subsequently adjusted to 10.0 ml using deionized water, of which 500 µl were
adjusted to neutral pH by adding 300 µl of 1N NaOH. After centrifugation (10,800 x g, 5 min),
samples were analyzed on an Agilent Technologies 1200 HPLC with pre-column
derivatisation with ortho-phosphoric acid (OPA) and fluorenylmethyloxycarbonyl chloride
(FMOC) reagent and separation on an ZORBAX Eclipse Plus C18 column (3.0 x 250 mm, 5
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µm; with corresponding guard column; Agilent) according to the Agilent application note.
Separation was performed at a flow of 0.64 ml·min-1 at 40 °C with a gradient of 2% to 100%

9

of solvent A (ACN:MeOH:Water = 45:45:10) against solvent B (10 mM Na2HPO4, 10 mM
Na2B4O7, 5 mM NaN3; pH 8.2).
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3. Results and Discussion
3.1 Nanocarrier synthesis and analysis of bulk polymer composition and particle size
The curvature of a particle surface can affect the adsorption of compounds such as proteins.
It is known that proteins have different affinities to flat and curved surfaces (Lynch and
Dawson, 2008), which can also affect their conformation in the adsorbed state (Lundqvist et
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al., 2004) and exposure of distinct moieties to the surrounding medium, e.g. charged or
hydrophobic groups. To minimize this potential influence, miniemulsion polymerization was
selected to prepare nanoparticles in a size range as close as possible, i.e. ranging from
about 130 to 180 nm (z-averages in dynamic light scattering; Table 1). As seen by the
polydispersity indices (PI), they possessed a relatively narrow size distribution. These data
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were well in agreement with the SEM analysis, which showed spherical particles of
homogeneous sizes (Fig. 1). The bulk composition of the polymer nanoparticles was
determined by 1H-NMR and showed a systematic alteration as intended. The semi-crystalline
morphology of polyacrylonitrile resulted in surface roughness of nanoparticles with low NVP
content, which is eliminated at higher NVP content. The small effect of surface roughness on
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the available surface area for protein adsorption was neglected in this study.

Table 1: Overview on nanoparticle bulk composition and size characterization data from DLS
(z-average, polydispersity index [PI]) and determination of sulfur in nanoparticle suspensions.
Composition
NVP content

Particle size
z-average
PI 2

Sample
[mol-%]
PAN 0
PAN 6.7

Sulfur concentration

1

[nm]

2

[µg·ml-1] 3

0

181

0.07

0.6 ± 0.1

6.7

165

0.08

0.8 ± 0.1

10

PAN 6.8

6.8

170

0.05

1.0 ± 0.1

PAN 10.8

10.8

170

0.12

1.6 ± 0.1

PAN 15.1

15.1

135

0.10

1.0 ± 0.1

PAN 23.9

23.9

137

0.06

0.4 ± 0.1

PAN 27.7

27.7

146

0.08

0.3 ± 0.1

PAN 33.8

33.8

133

0.07

0.6 ± 0.1

1
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Determined by NMR with typical precission of ± 3 mol-%. 2 Data for a minimum of 100 accumulated
3
measurements per sample. Analysis by molecular absorption spectroscopy (n =5, mean, S.D.).

Fig. 1: Exemplary SEM images of nanoparticles. (A) PAN 0; (B) PAN 6.7; (C) PAN 23.9;
285

(D) PAN 33.8.

3.2 Surface composition and hydrophobicity of nanocarriers
3.2.1 Residual surfactant
SDS, required for the stabilization of droplets in the miniemulsion, may remain associated to
290

the particle surface after completion of the nanoparticle synthesis. While being expected to
be mostly removed from the particle suspension during dialysis, potential larger quantities of
11

residual SDS might result in a dominant effect of SDS rather than the copolymer composition
at the particle interface layer. This includes potential contributions of anionic charge being
introduced by the dissociated organosulfate salt.
295

In a previous study, elemental analysis suggested a sulfur content of 1 wt-% (Li et al., 2012),
which appeared very high compared to the initially used SDS in the synthesis and therefore
needed to be reconsidered. Here, different approaches were followed to assess SDS
quantities in the nanoparticle suspension: i) the determination of sulfur as characteristic
element of SDS by XPS on dried nanoparticle suspension on a glass substrate, and ii) high-
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resolution AAS using the molecular adsorption lines of carbon monosulfide formed from
sulfur in a fuel-rich air-acetylene flame upon injection of nanoparticle suspensions (Heitmann
et al., 2006). Nanoparticle suspensions were dried on glass substrates and analyzed by XPS
at several angles to collect information from different sample depth in the range of 2-8 nm.
Despite analysis was conducted at different sample positions, angles, and with additionally
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ion sputtering sources for etching with coronene and argon ions, respectively, no sulfur
signal could be detected (Fig. 2). This suggests that the residual content of SDS should be
below the detection limit of XPS, which has a sensitivity for sulfur in the range of 800 ppm.
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Fig. 2: Exemplary spectra of XPS analysis of PAN 0 nanoparticle suspensions dried on glass
substrate and subjected to coronene ion bombardment. (A) Overview, (B) Detail of
sulfur 2p region.

12

As another method of determining sulfur, a modified atom adsorption spectroscopy method
315

was applied. This technology was recently extended to a sensitive quantitative determination
of the molecular adsorption of sulfur derivatives like CS formed in situ in miniaturized
graphene tubes under distinct pyrolysis conditions. As shown in Tab. 1, the concentration of
sulfur in the nanoparticle suspension was generally very low. Based on a sulfur content of
<2 ppm, an SDS content <18 ppm can be concluded. There were no large differences of

320

sulfur content detected for the different sample compositions. By trend, the sulfur content
was slightly higher for nanoparticles with low NVP content, which previously showed faster
endocytosis (Wischke et al., 2013). However, a logical correlation between these two
observations remains speculative at this time.
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3.2.2 Challenges in assessing surface hydrophobicity by contact angle analysis and dye
adsorption
Based on the different physicochemical properties of homopolymers of AN and NVP, it can
be expected that a series of copolymers with increasing NVP content would result in
increasing hydrophilicity. As described above, the interface composition may not necessarily
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reflect the bulk composition and an experimental characterization of hydrophobicity is
needed. An often followed approach is the measurement of contact angles of films prepared
by drying nanoparticle suspensions, which are artifact-prone due to the intermediate drying
step as well as their porous structure. For the dried PAN nanoparticles, very low apparent
contact angles of (θadv: 34.7° – 24.0°) compared to the flat glass substrate (θadv: 72.4°) could
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be measured. To illustrate their erroneousness, disks from PAN powders were prepared by
compression either under low pressure to a sintered porous structure or, at higher pressure,
to non-porous surfaces. Substantially lower contact angles were observed for the porous
compared to non-porous disks (data not shown). Therefore, it should be noted that capillary
forces at interparticulate cavities of dried nanoparticle films may disturbe the analysis of
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hydrophobicity by contact angle measurements, thus leading to the need of alternative
methods.
13

To evaluate the surface hydrophobicity of the nanocarriers in aqueous dispersion, i.e. in the
hydrated state of the surface without intermediate drying, adsorption of reporter molecules
such as hydrophobic dyes can be performed. One option is the determination of adsorption
345

isotherms and calculating the binding constant k via a Scatchard plot, often performed using
Rose Bengal (RB) (Doktorovova et al., 2012; Müller, 1997; Müller, 1991). This procedure is
very time consuming. As alternative, the partition quotient PQ of RB between the particle
surface (phase 1) and the aqueous dispersion medium (phase 2) can be analyzed for
increasing particle concentrations, i.e. increasing surface area, at constant RB concentration.
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If the hydrophobicity is high, PQ will strongly increase with increasing surface area, resulting
in a steep slope of the obtained curve in a plot of PQ versus surface area. If the particles are
hydrophilic, the slope is low and in some cases the line is almost parallel to the x-axis
(Müller, 1997). In Fig. 3, the slope of the fitted curves from the PQ plot are presentend also
including reference data for polystyrene nanoparticles (PS; 60 nm) and PS nanoparticle
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surfaces modified with carboxy groups (PS-COOH) as taken from (Müller, 1991). Compared
to the hydrophobic PS sample, all PAN nanoparticles are very hydrophilic with values close
to that of PS-COOH. Interestingly, preliminary screening experiments showed, in contrast to
our expectation, a trend towards higher binding of RB for theoretically more hydrophilic
samples of a higher NVP bulk content, Possible explanations may be a contribution of
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specific interaction of anionic RB with the amphiphilic NVP (Klotz and Shikama, 1968)
(Maruthamuthu and Sobhana, 1979) compared to a theoretically repulsion from AN in case
of a possible partial hydrolysis of nitrile groups to carboxyl functions at the nanoparticle
surface (Ermakov et al., 2000). This may have led to a condition where the RB adsorption
pattern was indicative of the NVP content at the surface rather than the nanoparticle
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hydrophobicity, which is why this assay was not further employed here.

14

Fig. 3: Rose Bengal adsorption assay to characterize particle hydrophobicity. Plotted is slope
370

of PQ plot [x10-11·µm-2] as derived from a series of individual partition experiments for
each of the different nanoparticle compositions (R2 is the correlation coefficient from
linear regression to determine the respective slope). The indicated reference data are
reprinted from (Müller et al., 1986) with kind permission from Springer Science and
Business Media.
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3.2.3 Analysing nanoparticle surface hydrophobicity by chromatography
Hydrophobic interaction chromatography (HIC) is another methodology that can be applied to
characterize nanocarriers in their hydrated state. Based on the elution profiles (Fig. 4) for the
different particle types, particularly when looking only at the retention times of the peak
380

maxima (Fig. 5), one cannot clearly differentiate the nanoparticles in terms of hydrophobicity.
It can be concluded that the particles:
i) are relatively hydrophilic in absolute terms because they can be eluted at reasonable
elution times from the hydrophobic octyl-Sepharose columns, and
ii) are very similar because the peaks eluate on the same column at the same retention time.

385

For PAN 0, PAN 6.7 and PAN 33.8, an almost monomodal hydrophobicity can be concluded,
as indicated by their narrow main peaks with only minor side peaks. This can be also seen
by the relatively close peak set off times (Fig. 5). In contrast, the sample PAN 23.9 shows a
very high peak set off time, which reflects a higher broadness of this peak. This indicates
15

different fractions of particles in this sample, which are either more hydrophilic (main peak) or
390

more hydrophobic (tail of the peak), possibly due to a lower SDS presence on the particle
surface. PAN 6.8 shows a profile where clearly 3 different fractions of hydrophobicity can be
seen (trimodal): a more hydrophilic fraction (left shoulder of main peak) and a more
hydrophobic fraction (3rd peak at approx. 30 min). Considering that this sample has the
highest residual SDS content of the here investigated materials, it may be possible that the

395

SDS is very heterogenically distributed on the particle surfaces. In general, one can see that
peak onset times are close to the peak maxima, whereby peak offset times have a larger
difference to maxima (peak tailing).

Fig. 4:
400

Elution profiles from octyl-Sepharose HIC. The legend shows NVP molar
contents for different PAN samples.
16

Based on these results, it can be summarized that the change in co-monomer content did not
led to pronounced differences in hydrophobicity as theoretically expected. The different copolymer content could not be reflected in the HIC results because of a similar presence of
hydrophilic groups at the particle surface. In addition to any hydrophilic groups originating
405

from the matrix polymer, the residual SDS content, despite being low, may be relevant here
due to the strong polar ionic sulfate groups at the outer shell of the particles. Interestingly,
PAN 27.7 having the lowest SDS residue showed the highest retention (peak maxima),
possibly because a lower number of polar sulfate groups were exposed at the surface of
these particles.
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However, the observed distinct differences detectable by HIC (broadness and shape of
peaks, modality) are not straightforward explainable due to superimposing effects of polymer
composition and remaining SDS on the surface. Still, the HIC results suggest that
hydrophobic interactions rather than size exclusion effects of nanoparticles possible in
agarose-based gels (Göppert and Müller, 2004) played the dominant role in the performed
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analysis. The PAN 33.8 nanoparticles with the smallest z-ave of 133 nm were eluted the
fastest (regarding to peak maxima), whereby it would be the opposite in case of size
exclusion. Anyhow, the detected differences particularly in peak shape and width show the
power of the HIC method to assess even small differences in hydrophobicity.
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Fig. 5: HIC retention times of particles with different NVP content from Octyl-Sepharose
HIC (n=3). Given is the onset, maximum and end of the respective peak.
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3.2.4 Two phase partitioning (TPP)
TPP is described to be a suitable hydrophobicity determination method for very hydrophilic
particles (Müller, 1991). Relative to each other, the used PEG-rich phase is more
425

hydrophobic than the dextran-rich phase. Accordingly, decreasing concentrations of particles
in the PEG-rich phase will indicate a reduced surface hydrophobicity. TPP analysis (Fig. 6)
revealed a decreasing amount of particles found in the PEG phase with increasing NVP
content from 0 to 27.7 mol-% (note: the other compositions aggregated and data could not
be properly evaluated). This is reflecting that particles becoming less hydrophobic with
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increasing amount of the hydrophilic repetitive unit NVP. While HIC showed similar retention
times and thereby could not differentiate between different hydrophilicities, the partitioning in
the polymer solutions could reflect the different co-monomer content. A possible explanation
is that SDS, which might have affected the interaction in HIC analysis, seems to play a minor
role during partitioning in the TPP assay.
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In principle, the hydrophobicity can be quantified by different types of interactions, i.e. the
affinity of a hydrophobic dye to a surface (RB assay), the interaction with a hydrophobic
carbon chain (HIC), and interactions with a polyether material (TPP). In analogy to different
nanoparticle diameters being often detected when analyzing samples with different methods,
different types of interactions appear to dominate experimental results when analyzing

440

surface properties by the different hydrophobicity assays.
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Fig. 6: Nanoparticle distribution in two-phase partition (TPP) experiments. Plotted is the
ratio of the particle amount found in the PEG-rich phase versus the Dextran-rich
phase.
445
3.3 Analysis of zeta potential in different microenvironments
3.3.1 Zeta potential in water of different pH
Besides hydrophobicity, surface charge is a relevant property for the fate of nanocarriers in a
biological system. The zeta potential (ZP) of nanocarriers is a standard property measured to
450

estimate the surface charge of the particles (NERNST potential), which cannot be easily
determined. Importantly, the measuring conditions by laser Doppler anemometry are
absolutely crucial to allow conclusions to the charge situation at the surface. In particular, a
potential at the particle surface as close as possible to the STERN layer needs to be
measured, which has a correlation to the surface potential (the higher the Stern potential, the
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higher is the charge on the surface).
Since the ZP differs from the Stern potential according to an exponential decay curve defined
by the ion type and concentration in the diffuse layer, the original nanoparticle charges
should be determined without using salts or buffers in the suspension medium. Thus, the ZP
was first measured in distilled water having a conductivity of 50 µS·cm-1. While distilled water
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has conductivities fluctuating typically between 1 and 10 µS·cm-1 that can lead to fluctuating
ZP values, a very low basis conductivity of 50 µS·cm-1 realized by NaCl addition allows to
avoid such experimental difficulties (for details cf. (Lucks et al., 1990)). Under these
conditions, the obtained ZP is practically identical to the Stern potential. Here, the absolute
values should be considered, that means e.g. an alteration from -30 mV to -40 mV is to be
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considered as an “increase” of charge.
The analysis yielded a ZP of about -27 mV for the NVP-free nanoparticles PAN 0 with a
stepwise increase to values of about -30 to -40 mV for the nanoparticles containing NVP
(Table 2). This pattern was found to show no direct correlation with the residual SDS content
of the PAN nanoparticles. This suggests that the zeta potential is not primarily a function of
19
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NVP content or of the residual SDS, but may be affected by combination of those two
parameters. Additionally, unidentified reactions might potentially contribute to the charge at
the particle surface such as partial hydrolysis of nitrile moieties to acrylamides or acrylic
acids (Krentsel et al., 2001) or, as described for harsh conditions, partial hydrolysis of the
lactam rings of NVP to the corresponding amino acid derivative (Conix and Smets, 1955).

475
Table 2: Zeta potential (ZP) of nanoparticles depending on the properties of the aqueous
suspension medium. Data of ZP (n≥3 repetitive measurements, mean ± SD),
conductivities (conduct.) of the suspension medium, and the calculated points of
zero charge are shown (PZC).
Analysis in water1

Analysis at ~pH 7.42

Analysis at pH ~2.12
PZC3

ZP

Conduct.

ZP

Conduct.

ZP

Conduct.

[mV]

[µS·cm-1]

[mV]

[µS·cm-1]

[mV]

[µS·cm-1]

Sample
-29.5

-29.6
52

PAN 0
± 1.5

± 0.4

-30.8
± 1.3

± 1.7

± 6.3

± 0.8

± 2.0

± 0.3
n.d.

n.d.

± 1.5

3.6

3390

2.9

1280

3.4

± 1.0

-44.2

+2.7
49

± 3.1

7970
± 1.0
+4.4

54

PAN 33.8

2.6.

+5.0
1617

-41.0

PAN 27.7

795
± 0.2

-29.5
51

n.d.

+0.7
44

± 0.9

-43.1

PAN 23.9

540
± 0.4

-29.7
51

2.9

-2.3
35

± 0.4.

-34.6

PAN 15.1

1090
± 1.1

-40
51

3.4

+16.9
73

± 1.6

-39.5

PAN 10.8

2330
± 0.5

-31.7
51

4.1

+21.4
534

± 0.5

-35.3

PAN 6.8

630
± 0.4

-25.0
55

PAN 6.7

+20.8
32

n.d.

n.d.
± 0.2
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1

2

In this series of measurement, only the conductivity was adjusted by NaCl addition. The pH was around pH 6. The pH was
adjusted by adding HCl or NaOH solution to a value of roughly pH 2.1 ± 1 or pH 7.4± 1 with the given deviations due to the
3
exclusion of buffering salts. The conductivity was monitored as indicated. Calculated or estimated from profile shown in Fig. 7.
n.d. = not determined;
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Fig. 7: ZP-pH profiles of the model nanocarriers as determined by manual adjustment of
the pH with NaOH/HCl without the use of buffers. Legend shows NVP molar
contents for different PAN samples.

490

The pH can strongly affect the surface charge by pH dependent dissociation of functional
groups and adsorption of H+ and OH- ions. Thus, ZP analysis was also performed after pH
adjustment by HCl and NaOH addition (which automatically results in modified conductivity;
no buffers to be used). After pH adjustment to ~pH 7.4, less negative ZP values were
detected in most cases illustrating the effect of ions added into the suspension medium

495

(Table 2). Again, by trend and with few exceptions, nanoparticles with higher NVP content
showed higher values of negative charges than samples with low NVP content. From this,
different electrostatic interactions with distinct proteins in solution at pH 7.4 can be expected
(Engberg et al., 2015).
The points of zero charge (PZC) (compare Table 2) as estimated from the ZP-pH profiles

500

(Fig. 7) differ clearly for nanoparticles only composed of acrylonitrile (PZC at pH 4.1) and the
formulations containing NVP (PZC at around pH 3.0-3.5), but no straight forward correlation
21

between PZC and NVP content exists. However, distinct differences were found in the
protonability at pH below the PZC. The ZP reverses to positive values for all nanoparticle
compositions, while adapting values of around +20 mV for samples with low NVP content but
505

only +5 mV for NVP contents >10 mol-% (Table 2). The alteration of particle charge
depending on the environmental pH may suggest that some particles may act similar
regarding electrostatic interaction with proteins, some different, at relevant pH differences in
the body e.g. pH 7.4 in the blood, about pH 5 in phagolysosomes or even lower pH in
inflamed regions.
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When comparing PAN 6.7 and 6.8 as samples of practically identical composition, a fair level
of reproducibility of the particle production could be concluded. This demonstrates the
strength of ZP analysis in routine control of particle reproducibility, which may be further
expanded to 3-D scans measuring the ZP (y axis) as function of pH (x-axis) and at the same
time of increasing electrolyte concentration (z axis), e.g. NaCl (Paulke et al., 1995).

515
3.3.2 Nanocarrier charge (ZP) in citrate plasma
Early studies in the 1950ies explored the effect of the charge of injected particles on their
body distribution. For example, it was found that positively charged particles were cleared
fastest by the reticuloendothelial system (RES), while negatively charged particles were
520

cleared more slowly and particles with little charge relatively slowest (Wilkins and Myers,
1966). However, it was neglected in these studies that after injection into the blood,
nanoparticles adsorb blood proteins, which changes their original charge (ZP). The blood
proteins adsorb on the particle surface, either on the firmly fixed Stern layer (forming a third
layer on the inner and outer Stern layer) or by replacing the ions in the inner and outer Stern
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layer, i.e. changing the composition of the Stern layer. The associated change in surface
charge is an indicator i) how much protein adsorbed and/or ii) if less or more charged
proteins adsorb (blood protein charge is a function of their isoelectric point (IEP) related to
the blood pH).
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Therefore, the ZP was additionally determined in plasma. Measurements were also
530

performed as a function of time (Table 3), because it is known that the adsorbed protein
composition in the blood changes with time (Göppert and Müller, 2005). The most
hydrophobic nanocarriers PAN 0 exhibited a low ZP in plasma of about -5 mV, which is
similar to the low ZP of previously reported stealth nanoparticles with extended circulation
time (Gref et al., 2000). The particles with increasing NVP content showed higher zeta
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potential values in the range -8 mV to -13 mV (Table 3, at 0 hours).
Early studies with polystyrene nanoparticles, either uncoated (ZP around -15 mV; fast liver
clearance) or Poloxamine 908-coated (ZP around -5 mV; extended blood circulation and high
adsorption of albumin as dysopsonin) suggested that a higher charge in plasma (Müller,
1991), i.e. more adsorption of charged proteins, would mean a faster recognition by the RES.

540

Based on the scale from -5 mV to -15 mV, there is no clear relationship in this study between
ZP and increasing content of NVP or the measured hydrophobicity. PAN 0 (most
hydrophobic in TPP assay) and the PAN 27.7 (most hydrophilic in TPP assay) had both a
low ZP of about 5-8 mV. From this it is concluded, that in this case, the ZP values in plasma
have limited power towards a systematic categorization of the investigated nanoparticles. It
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has to be stressed that not only the quantitiy, but in particular the type of adsorbed protein
can be of relevance for biological recognition of nanocarriers. With increasing incubation
time, the measured ZP changed adapting values of about -8 mV after 6 hours for most
formulations (Table 3). This can be explained by the protein adsorption kinetics. First more
abundant blood proteins adsorb despite having low affinity, which are later being gradually

550

replaced by proteins with higher affinity that may be present in serum only at low
concentrations (Blunk et al., 1996; Harnisch and Müller, 2000; Wei et al., 2014).
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Table 3: ZP of the nanocarriers measured in citrate plasma
555

immediately after mixing (0 hours) and at later time points.1
ZP in citrate plasma (mV)
Sample

0h

1h

6h

PAN 0

-4

-5

-6

PAN 6.7

-8

-6

-8

PAN 6.8

-10

-9

-7

PAN 23.9

-13

-8

-8

PAN 27.7

-8

-10

-8

PAN 33.8

-7

-5

-3

1

Data are derived from a single analysis with pooled citrate plasma. The analysis involves
the measurement in five positions of the electrophoretic channel. The typical methodological
error of zeta potential measurements is <± 2 mV.
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3.4 Single protein binding to the nanocarriers
Considering the relevance of nanoparticle interaction with specific proteins, adsorption
studies in solutions of single proteins can indicate the basic affinity of a single protein to
different surfaces. Binding studies in albumin solution (in this case bovine serum albumin,
BSA) were therefore conducted to assess if albumin has indeed a high affinity to the PAN 0
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nanocarriers as assumed from the low ZP in plasma of only -5 mV. Fig. 8 shows that PAN 0
had the highest adsorption of albumin. E.g., PAN 23.9 exhibited the lowest adsorption of
albumin being in agreement with the relatively high ZP of around -13 mV, which could
potentially give more charged apolipoproteins a chance to adsorb with time. In addition, the
adsorption of fibronectin as an adhesive glycoprotein involved in cellular recognition of

570

biomaterials was studied. Again, the most excessive protein adsorption exhibited PAN 0, the
most hydrophobic nanocarriers (as measured by the TPP assay).
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Fig. 8: Single protein adsorption studies using protein solutions corresponding to the
575

concentrations present in human blood plasma for (A) bovine serum albumin (BSA;
40 mg·ml-1) and (B) fibronectin (FN; 400 µg·ml-1). The adsorbed protein on the nanoparticle
surface was determined by amino acid analysis by HPLC (n=6 amino acids quantified, S.D.).
Additionally BCA assay of the non-adsorbed protein fraction was performed for FN (n=3
quantifications, S.D.).
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4. Conclusions
In this study, a series of PAN model nanoparticles was synthesized to expand the set of
model nanoparticles available for mechanistic studies of protein adsorption beyond
polystyrene based latices. From chemistry considerations related to bulk composition, it
585

could be speculated that the surface hydrophobicity should decrease with increasing content
of the comonomer N-vinyl pyrrolidone (NVP). Reexamining this prediction indicated that
there exists no straightforward relationship of a reducing hydrophobicity with increasing NVP
content. The relationship seems to be rather complex and may include i) the presence of
adsorbed substances like surfactants, ii) chemical alteration of moieties at the surface,
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and/or iii) a non-linear correlation of bulk composition and surface exposure of the two
repetitive units.
The analysis of surface hydrophobicity by contact angles of films derived by nanoparticle
drying is believed to be strongly artefact prone, which is why a comprehensive wet-state
25

analysis was applied. A very low hydrophobicity of all PAN nanoparticles compared to
595

polystyrene nanoparticles was indicated by the Rose Bengal assay. Aqueous two-phase
partitioning experiments were best suited to distinguish the decrease in hydrophobicity for
the investigated increasing NVP content. HIC revealed that some particle formulations are of
monomodal hydrophobicity, either having a narrow or a broad distribution. In some cases,
however, trimodal HIC distributions were detected – i.e. an indication of “polydispersity of
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surface hydrophobicity”. Despite the content of residual SDS surfactant in the nanoparticle
suspensions was in the very low 1 ppm range as determined by molecular absorption
spectroscopy of a sulfur derivative, clustering of SDS on the surface of distinct nanoparticle
populations cannot be excluded. Such subpopulations can be of high relevance as they
might show a different interaction with biomolecules like proteins and eventually an altered
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organ distribution in vivo. The characterization of particle charge by analyzing zeta potentials
(ZP) illustrated a ZP reduction e.g. for PAN 0 from about -30 mV in water to -5 mV in plasma
by the formation of a hydrophilic protein corona. Single protein adsorption analysis allowed to
confirm that the PAN 0 nanoparticles were adsorbing the largest quantity e.g. of albumin.
Considering protein exchange processes as indicated by zeta potential analysis over time

610

and the potential dominance of biological function mediated by specific proteins adsorbed at
low quantities, the next steps will be the assessment of the complete adsorption pattern in
plasma and eventually in vivo organ distribution to have the full correlation of in vitro
characterization data, protein adsorption pattern, and organ distribution.
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