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28 Iron oxide-containing magnetic nanoparticles (MNPs) have certain advantages over currently used contrast agents
29for tumor imaging by magnetic resonance imaging (MRI) as they offer the possibility of functionalization with li-
30gands and tracers. FunctionalizedMNPs alsomay be used for targeted tumor therapy. In the current study nanopar-
31ticles (NPs) consisting of recombinant human serum albumin (rHSA) with incorporated hydrophilic (NH4)
322Ce(IV)(NO3)6-γ-Fe2O3 particles (CANmaghemite particles) formedical imagingwere produced and characterized.
33For this purpose CANmaghemite particles were incorporated into an rHSAmatrix to yield rHSA-NPs. The resulting
34NPs were analyzed by transmission electron microscopy, photon correlation spectroscopy, and atomic absorption.
35The sizes of the manufactured NP were 170 ± 10 nm, and the zeta-potential was−50 ± 3mV. The NPs remained
36stable when stored after lyophilization with sucrose 3% [w/v] as a cryoprotector. They showed pro-inflammatory
37properties without cell and animal toxicity in vivo and were highly contrasting in MRI. In conclusion, this report in-
38troduces novel rHSA NP with favorable properties containing iron oxide for detection by MRI.
39© 2014 Published by Elsevier B.V.
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44 Introduction

45 In 2008 7.6 million cancer-related deaths were registered by the
46 World Health Organization [1]. Diagnosis of the tumors at earlier stages
47 would enable a higher percentage of patients to be treated with poten-
48 tially curative therapies and would, therefore, be highly beneficial. Dur-
49 ing the last decades, magnetic resonance imaging (MRI) and also
50 positron emission tomography (PET) became essentialmedical imaging
51 techniques for cancer diagnosis, especially for brain and abdominal tu-
52 mors. Considerable progress came from continuous improvement of
53 the MRI scanners and contrast agents. At present two major types of
54 MRI contrast agents are available: T1-shortening contrast agents such
55 as gadolinium or manganese chelates, producing signal increase, and

56T2-shortening contrast agents such as iron compounds reproducing
57the underlying MRI signal.
58Currently, small molecule gadolinium chelates are almost exclusively
59used in clinical MRI practice. To overcome their inherent limitations,
60large efforts are currently under way to develop NP-based MRI contrast
61agents. Their properties can be tailored to achieve a desirable
62biodistribution and to cross biological barriers such as for instance
63the blood–brain barrier [2,3]. Moreover, they can be functionalized for
64active targeting. Nevertheless, iron oxide nanoparticles are the only
65NPs that have been introduced into routine clinical imaging. Thus,
66superparamagnetic iron oxide (SPIO) NPs have been used in MRI of un-
67clear liver lesions [4]. These contrast agents are rapidly taken up by liver
68macrophages, the density of which is lower in malignant liver tumors as
69compared to normal liver tissue, thus contrasting malignant tumors in
70the liver. A new approach was the development of hydrophilic water-
71compatible maghemite (γ-Fe2O3) NPs (CAN stabilized maghemite NP).
72They show a low aggregation tendency and are very well suited for the
73preparation of biocompatible magnetic nanoparticles (MNP) [5].

Journal of Controlled Release xxx (2014) xxx–xxx

⁎ Corresponding author at: Institut für Pharmazeutische Technologie, Campus
Riedberg/N230.207, Goethe Universität Frankfurt am Main, Max-von-Laue-Strasse 9,
60438 Frankfurt, Germany. Tel.: +49 69 798 296 82; fax: +49 69 798 296 94.

E-mail address: kreuter@em.uni-frankfurt.de (J. Kreuter).

COREL-07351; No of Pages 8

http://dx.doi.org/10.1016/j.jconrel.2014.08.017
0168-3659/© 2014 Published by Elsevier B.V.

Contents lists available at ScienceDirect

Journal of Controlled Release

j ourna l homepage: www.e lsev ie r .com/ locate / jconre l

Please cite this article as: I. Rosenberger, et al., Physico-chemical and toxicological characterization of iron-containing albumin nanoparticles as
platforms for medical imaging, J. Control. Release (2014), http://dx.doi.org/10.1016/j.jconrel.2014.08.017

http://dx.doi.org/10.1016/j.jconrel.2014.08.017
mailto:kreuter@em.uni-frankfurt.de
Unlabelled image
http://dx.doi.org/10.1016/j.jconrel.2014.08.017
Unlabelled image
http://www.sciencedirect.com/science/journal/01683659
www.elsevier.com/locate/jconrel
http://dx.doi.org/10.1016/j.jconrel.2014.08.017


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

74 At present, major challenges in the development of NP-based con-
75 trast agents encompass the development of appropriate matrices that
76 can be readily functionalized with ligands for efficient targeting, and
77 to obtain appropriately targeted NPs. One of the main approaches is
78 the entrapment of magnetic iron NPs into polymers [6]. The selected
79 polymer has to fulfill the following requirements: it has to be biode-
80 gradable, non-toxic and it has to offer functional groups to modify the
81 surface for the active targeting processes.
82 Different NP matrices, such as serum-derived and recombinant
83 human serum albumin (rHSA) and synthetic polymers, including
84 poly(lactide-co-glycolide) (PLGA), or poly-(n-butyl cyanoacrylate)
85 (PBCA) have been used for NPs [7–10]. Recently non-toxic HSA nano-
86 particles conjugated with gadolinium for hepatic imaging that are
87 non-toxic and stable in serum were developed [11]. HSA is a well-
88 known and widely used excipient in pharmaceutical formulations
89 such as vaccines and biologicals. It is obtained by fractionation of
90 human plasma, which has the potential of viral or prion contamination.
91 To avoid these contaminations, rHSA, which has been expressed in
92 Pichia pastoris [12] with a consistent high yield and quality, was used
93 in the present study and represents an alternative to HSA from human
94 sources. Using this material, highly contrasting magnetic NPs for MRI
95 were developed. The preparation process was reproducible and robust.
96 In vitro and in vivo studieswere performed to provide information about
97 safety and biological effects.MRImeasurements showed the contrasting
98 capacity of the obtained NPs.

99 Methods

100 Preparation of magnetic iron particles

101 A solution of FeCl3•6H2O (240.0 mg, 0.9 mmol) dissolved in
102 degassed Milli-Q (Milli-Q Direct-Q UV, EMD Millipore, Darmstadt,
103 Germany) water using argon-gas for degassing (4.5 mL) was mixed
104 with an aqueous solution of FeCl2•4H2O (97.5 g, 0.45 mmol, 4.5 mL
105 H2O). This solution was kept under N2 and ultrasonicated (Bransonic®
106 ultrasonic cleaner bath, 2510E MTH model, 42 kHz at full power) for
107 5–10 min at room temperature. Then, a concentrated 24% [w/v] aque-
108 ous NH4OH (0.75 mL) solution was introduced in one shot, resulting
109 in an immediate black precipitation of magnetite (Fe3O4) particles.
110 The sonication was continued for additional 10 min. The resulting
111 Fe3O4 particles were transferred into a glass bottle, magnetically
112 decanted (using an external magnet), and washed with degassed dou-
113 bly distilled H2O (ddH2O) (3 × 40 mL) until neutrality. Black free
114 flowing magnetite particles were stored as a 30 mL suspension in
115 ddH2O before any further processing, followed by an aging process for
116 a minimum storage time of at least 2 hours at room temperature. In
117 the next step, CAN-stabilized maghemite particles (CAN, (NH4)
118 2Ce(IV)(NO3)6-γ-Fe2O3 particles) were prepared. Firstly, the former
119 aqueous magnetite suspension (30 mL) was magnetically decanted to
120 separate the magnetite particles from its aqueous storage phase. CAN
121 (300.0 mg, 0.547 mmol) dissolved in 12.0 mLMeCOMewas introduced
122 onto decanted magnetite particles, followed by the addition of 12 mL
123 degassed Milli-Q water. The corresponding mixture was ultrasonicated
124 using a high-power sonicator (Sonics®, Vibra cell, 750 W, power mod-
125 ulator set to 25%) equipped with a titanium horn (1 hour, 0 °C) under
126 an inert argon atmosphere. At this stage optionally, the resulting highly
127 stabilized hydrophilic CAN-γ-Fe2O3 particles were purified by washing
128 with ddH2O (3 × 10 mL) using Amicon® Ultra-15 centrifugal filter de-
129 vices (100 K) processed at 4000 rpm during 5–6 min (room tempera-
130 ture, 18 °C) and redispersed in ddH2O (15 mL).

131 CAN maghemite-containing rHSA NP preparation

132 rHSA NPs were prepared using a desolvation technique developed
133 by Langer et al. [10]. Firstly, the rHSA had to be dialyzed using a Slide-
134 A-Lyzer Dialysis Cassette MWCO 3500 kDa (Pierce, Rockford, IL).

135Dialysis took place in two cycles of 2 hours, respectively, and one
136cycle of 15 hours usingMilli-Qwater as dialysis medium. Subsequently,
137the dialyzed protein was freeze-dried using a Christ Epsilon 1-4 (Christ
138Epsilon 2-4 LSC, Martin Christ Gefriertrocknungsanlagen GmbH,
139Osterode am Harz, Germany). For rHSA NP preparation, rHSA was dis-
140solved to 100 mg/mL in a 10 mM NaCl solution, adjusted to pH 8.5,
141and filtered through a sterile filter (FP 30/0 2CA, Schleicher & Schuell,
142Dassel, Germany). Afterwards, desolvation took place by addition of
143ethanol into the protein solution under constant stirring using a pump
144rate of 1 mL/min (ISMATEC IPN, Glattbrugg, Switzerland). This proce-
145dure enabled a defined NP formation process. The 61 freely available
146amino groups on the surface of the desolved protein were inactivated
147by the twofold excess of the bifunctional crosslinker glutaraldehyde
148added to the suspension (calculated on the basis of 61 free amino
149groups per molecule of rHSA). The NP suspension then was stirred at
150room temperature for 24 hours to ensure a quantitative crosslinking
151process.
152Excess glutaraldehyde was removed from the NP suspension by
153three cycles of centrifugation (20 min × 20,100g) and resuspension of
154the centrifugation pellet in Milli-Q water. The resuspension steps
155were performed in an ultrasonic bath (Bandelin, Sonorex, Berlin,
156Germany). Finally, the amount of NP in suspension was determined
157gravimetrically.
158The CAN maghemite-containing rHSA nanoparticles (MNPs) were
159prepared by a procedure identical to the one described for rHSA NP. In
160brief, to 0.5 mL dialyzed rHSA (200 mg/mL in 10 mMNaCl solution) ei-
161ther 1000 μg or 2000 μg of iron in terms of CANmaghemite particleswas
162added and incubated for 1 hour at 20 °C (Eppendorf thermomixer,
163300 rpm, Hamburg, Germany) to obtain 1000-MNP or 2000-MNP,
164respectively.

165Q5Characterization of CAN maghemite-containing rHSA NP
166NPs were characterized with respect to their particle size, polydis-
167persity, and zeta potential by dynamic light scattering (DLS) using a
168Zetasizer Malvern Nano ZS (Malvern Instruments Ltd., Malvern, UK).
169For this purpose the samples were diluted 1:100 with filtered Milli-Q
170water (FP 30/0 2CA, Schleicher & Schuell).

171Iron determination
172The iron content of the magnetic nanocore system was determined
173by atomic absorption spectroscopy (AAS) using flame ionization detec-
174tion (Thermo Scientific iCE 3000 instrument, Waltham, MA). Standards
175of 0, 1.0, 2.5, 5.0, and 7.5 ppm of ironwere prepared in amixture of eth-
176anol 96% [w/v] and water 30%/70% [v/v]. The supernatants obtained
177during all three purification steps were analyzed without dilution. An
178air-acetylene flame at 1.0 L/min was used, and the absorbance was de-
179termined at 248.3 nm. Four seconds of chamber pre-conditioning and
180three determinations, each one of 4 seconds, were performed for each
181sample. The final volume necessary for every analysis was 5 mL. A deu-
182terium lamp was used for the background correction.

183Transmission electron microscopy
184For transmission electron microscopy the diluted samples were col-
185lected on pioloform-coated copper grids and fixed with diluted metha-
186nol overnight. A Philips C12 transmission electron microscope
187(Eindhoven, NL) was used for sample analysis.

188Preparation of NP samples for freeze-drying study and long term storage
189In the first set of experiments, the optimal freeze-drying excipient
190(sucrose, mannitol, trehalose, respectively) was determined. For this
191purpose, 5 mg of magnetic NPs was mixed with different amounts of
192freeze-drying excipient (1%, 3%, and 5% [w/v]), and Milli-Q water was
193added to a final volume of 1 mL. The samples were transferred into
1945 mL freeze-drying vials (Wheaton, Capitol Scientific, USA), and the
195stoppers (Wheaton, Capitol Scientific, USA) were adjusted for only
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