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Nanoparticle (NP)-based contrast agents that enable high resolution anatomic T1-weightedmagnetic resonance
imaging (MRI) offer the prospect of improving differential diagnosis of liver tumors such as hepatocellular carci-
noma (HCC). In the present study, we investigated the possibility of employing novel non-toxic human serum
albumin nanoparticles conjugated with Gd-DTPA and rhodamine 123 (Gd-Rho-HSA-NPs) for the detection of
HCC by T1-weightedMRI. In addition, the influence of surface coating of the NPs with poloxamine 908, which al-
ters the absorptive behavior of NPs and changes their distribution between the liver and tumor was examined.
MRI of transgenic mice with endogenously formed HCCs following intravenous injection of Gd-Rho-HSA-NPs
revealed a strong negative contrast of the tumors. Contrasting of the HCCs by NP-enhanced MRI required less
Gd as compared to gadolinium-ethoxybenzyl-diethylenetriaminepentaacetic acid-enhancedMRI,which current-
ly provides the most sensitive detection of HCC in patients. Immunohistochemical analyses revealed that the
Gd-Rho-HSA-NPs were localized to macrophages, which were – similar to HCC in patients – fewer in number
in HCC as compared to the liver tissue, which is in agreement with the negative contrasting of HCC in Gd-Rho-
HSA-NP-enhanced MRI. Poloxamine-coated NPs showed lower accumulation in the tumor macrophages and
caused a longer lasting enhancement of the MRI signal. These data indicate that Gd-Rho-HSA-NPs enable sensi-
tive detection of HCC by T1-weighted MRI in mice with endogenous HCC through their uptake by macrophages.
Poloxamine coating of the NPs delayed the tumor localization of the NPs.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Hepatocellular carcinoma (HCC) is the fifthmost common neoplasm
in the world and third most common cause of cancer-related mortality
[1]. In the majority of cases it forms in the chronically inflamed and
cirrhotic liver. The detection of malignant tumors such as HCC at an
early stage is crucial because curative treatment options, such as surgi-
cal resection are not applicable in advanced stages of HCC [2]. Therefore,
patients with chronic hepatitis, which are at high risk to develop HCC,
r).
are subject of HCC surveillance by ultrasound. Suspicious lesions are
further examined by computed tomography ormagnetic resonance im-
aging (MRI). Currently, the majority of HCCs are still diagnosed at late
stages, when curative therapeutic options are not applicable any more.

Dynamic MRI enhanced by liver-specific Gd chelate contrast media
such as gadolinium-ethoxybenzyl-diethylenetriaminepentaacetic acid
(Gd-EOB-DTPA) currently give the best results to detect HCC radio-
logically [3,4]. However, the differential diagnosis of liver lesions, in par-
ticular of small HCCs (less than 1.5 cm diameter) in the cirrhotic liver,
remains challenging, as the imaging often does not show the typical
characteristics of HCCs. An earlier diagnosis would increase the portion
of HCC patients eligible for curative treatments. Therefore, there is still a
strong clinical need to improve themethods to characterize liver lesions
by MRI.
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Nanoparticle (NP)-based contrast media offer the prospect of tumor
detection by different modes than the currently used low molecular
weight contrast media. Long circulating NPs may passively accumulate
in tumor tissue by the enhanced penetration and retention (EPR) effect
[5]. Moreover, the properties of NPs can be manipulated by alterations
of the particle size, surface coating and conjugation with ligands to en-
able tissue-specific targeting [6,7]. These approaches require avoidance
of the uptake of the NPs by the macrophages of the reticuloendothelial
system (RES), mainly localized in the liver. On the other hand, the
rapid uptake of NPs bymacrophages can be taken as an advantage to vi-
sualize liver tumors (primary liver tumors andmetastases), because the
liver tissue contains higher amounts of macrophages than malignant
liver tumors [8]. Indeed, superparamagnetic iron oxide nanoparticles
(SPIONs), which shorten T2 relaxation and thereby act as negative con-
trast agents, are the only NP-basedMRI contrast agent that had entered
clinical routine. A critical drawback of SPION-enhanced T2-weighted
MRI is that it generates signal voids that are often confounded by the
presence of artifacts due to hemorrhage, air, and partial-volume effects.
Signal loss in T2-weighted MRI is particularly compromised in the cir-
rhotic liver [9], in which themajority of HCC occurs. In contrast, Gd che-
lates enhance T1 relaxation, a signal-increasing imaging effect providing
anatomic imaging with high spatial resolution. The bright T1 signal can
clearly be distinguished from other biological or pathogenic conditions.

Recently, we have developed non-toxic human serum albumin
(HSA) NPs conjugated with Gd-DTPA as well as with the fluorescent
dye rhodamine 123 (Gd-Rho-HSA-NPs) [10]. These particles can be
detected byMRI in vivo aswell as in tissue homogenates or tissue slices
by their fluorescence. The objective of the present study was the inves-
tigation of these Gd-Rho-HSA-NPs as novel contrast agents to detect
HCC by T1-weighted MRI in mice with endogenously formed HCCs. In
addition, the influence of surfacemodification of theNPs on theMRI sig-
nal by their coatingwith poloxamine 908, which can reduce RES uptake
[11–14] and may alter the distribution of intravenously injected NPs
between the HCC and liver tissue, was examined.

2. Materials and methods

2.1. Materials

Human serum albumin (HSA, fraction V, Batch 028 K7550),
GdCl3 and diethylenetriaminepentaacetic acid dianhydride (DTPAa)
were purchased from Sigma (Steinheim, Germany), poloxamine 908
(25,000 g/mol) was obtained from BASF (Ludwigshafen, Germany).
Other chemicals were of analytical grade and used as received.

2.2. Synthesis and characterization of the Gd-Rho-HSA-NPs

The preparation of HSA-NPs and the covalent attachment of
Gd-DTPA and of rhodamine 123 were carried out as described recently
[10]. Briefly, an amount of 5 mg DTPAa was added to 1 ml HSA-NPs,
adjusted pH to 9.2, and was incubated at room temperature for 3 h
under constant agitation. 20 μl 94.8 mM GdCl3 was then added into
HSA-DTPA and stirred at 21 °C for 30 min. The HSA-(Gd-DTPA) was
subjected to dialysis against deionized water to remove excess Gd.
Rhodamine 123 was covalently bound to Gd-DTPA-HSA using 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide as a cross linker to produce
rhodamine 123 labeled Gd-DTPA-HSA- or Gd-DTPA-Rho-HSA-NP. The
mixture was incubated at room temperature for 3 h, purified by centri-
fugation and redispersion in 1 ml water to obtain Gd-Rho-HSA-NP.

2.3. Coating Gd-Rho-HSA NP with poloxamine 908

The NPs were mixed with an appropriate amount of 1% (w/v)
solution of poloxamine 908 to obtain a final surfactant concentration
of 0.5% (w/v). The NP suspensions were incubated overnight under
constant agitation (550 rpm at room temperature). The modified NPs
were washed by centrifugation (16,100 g, 8 min) to remove the excess
surfactant and redispersed to the original volume in water.

2.4. Particle characterization

The mean diameter, zeta-potential and polydispersity of the resulting
NPs were characterized using a Zetasizer 3000 (Malvern Instruments,
Malvern, UK) as described recently [10]. The Gd(III) content of the NPs
was determined by total reflectionX-rayfluorescence (TXRF) (S2 Picofox,
Bruker, Germany) [15,16]. The NP content in the suspension was deter-
mined by gravimetry [17].

The morphology of the NPs was examined by scanning electron mi-
croscope technique (Hitachi, S 4500 SEM). Samples were prepared by
suspending the NPs in Milli-Q water, allowed to dry over 6 h at room
temperature, and then sputtered with gold one to two times for 60 s.
Subsequently, electron microscopy was performed using an accelerat-
ing voltage of 15–20 kV and secondary electron detection mode. The
images were digitally photographed with program Digital Image Pro-
cessing System 2.6.

For evaluation of the in vitro release of Gd(III) from theNPs, Gd-Rho-
HSA NPs (4mg) were placed into 2 ml of Milli-Q water, PBS pH 7.4, PBS
pH 5.0 or 10% (v/v) humanplasma in PBS. Each suspensionwas incubat-
ed at 37 °C under constant shaking. At different time points, aliquots of
200 μl were removed, centrifuged for 4min at 8000 ×g, and the superna-
tants were assayed for Gd(III) content by the TXRF method [15,16]. The
pellets were resuspended with 200 ml of fresh medium and returned to
the original suspensions.

2.5. In vitro MRI of the paramagnetic properties of the NPs

To determine the paramagnetic properties of Gd-Rho-HSA-NP and
poloxamine-coated Gd-Rho-HSA-NPs, MRI was performed using a 3.0-T
scanner (Siemens Magnetom Trio, Siemens Medical Solutions, Erlangen,
Germany). The measurement conditions were T1-weighted 3D gradient
echo sequences (fast low-angle shot) with the following parameters:
TE= 3.31ms, TR=8.67ms, field of view=100× 78mm,matrix acqui-
sition = 640 × 480, slice thickness = 0.3 mm, flip angle = 16°, fat sup-
pression = fat saturated, and bandwidth = 180 Hz/Px.

2.6. Cellular toxicity assay

The cell viability was evaluated by a standard 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [18]. HepG2 cells
[18] were cultured in Dulbecco's Modified Eagle's Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), streptomycin at 100
mg/ml and penicillin at 100 U/ml at 37 °C in a humidified atmosphere
containing 5% CO2. The HepG2 cells were placed into a 96-well plate at
a density of 5 × 104 cells/ml. After 24 h of pre-incubation, the cells were
further incubated for 48 and 72 h in fresh culture media containing
plain HSA-NP, HSA-Gd-Rho-NP or po(HSA-Gd-Rho)-NP as 1% (w/v)
poloxamine at six concentrations (16, 80, 160, 200, 320 and 640 μg/ml).
Cells were then washed twice with phosphate-buffered saline (PBS) to
remove excess particles. Cells incubated in the absence of NPs were
used as control. Subsequently, culturemedium(100 μl/well) supplement-
ed with MTT solution (5 mg/ml, 10 μl/well) was added, followed by fur-
ther incubation for 2 h. The supernatant was aspirated and 100 μl MTT
lysis solution [18] was added into each well. The absorbance of cell
suspension was determined at 529 nm by a microplate reader (Model
680, Bio-Rad, Hercules, CA). The percentage of viable cells was calculated
by comparing absorbance of treated cells against the untreated cells
(controls). Each experiment was repeated three times.

2.7. Toxicity of the NPs in mice

To investigate the toxicity of theNPs in vivo,micewere injectedwith
PBS, Gd-Rho-HSA-NPs or po(Gd-Rho-HSA-NPs). Forty-eight hours later,
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blood was drawn from the mice. Sera prepared from the blood samples
were examined for C-reactive protein (CRP) content by a mouse C-
reactive protein/CRP Quantikine ELISA Kit (R&D Systems, Minneapolis,
MN) and a 2104 EnVision plate reader (PerkinElmer Life Sciences, Bos-
ton, MA). Blood samples were additionally analyzed for differential
blood cell count using a Scil Vet ABC Analyzer (Scil Animal Care Compa-
ny, Viernheim, Germany).
2.8. Isolation of peritoneal macrophages

Peritonealmacrophageswere isolated fromhealthymice as described
[19]. The peritoneal cells were collected by washing the peritoneal cavity
with 10 ml cold PBS and centrifuged at 300 ×g for 10 min. The collected
cellswere resuspended in ice cold DMEMcontaining 10%heat inactivated
FBS and washed with the same medium. The cells were counted using a
hemocytometer and cultured at a density of 2 × 106 cells/ml at 37 °C in
a humidified atmosphere containing 5% CO2.
2.9. Uptake of NPs by mouse peritoneal macrophages

For the determination of the cellular uptake of the NPs by peritoneal
macrophages byflow cytometry, the cells were seeded in 24-well plates
at a cell density of 1.5–2 × 106 cells per well and left to attach for 2 h.
Thereafter, non-adherent cells were discarded. After cultivation for
24 h, 100, 200, and 400 μg/ml of Gd-Rho-HSA NP or poloxamine-
coated Gd-Rho-HSA-NP (containing 0.5% [w/v] poloxamine 908) were
added. After another hour the cells were harvested and analyzed by
flow cytometry using a FACSCalibur (Becton Dickinson, Franklin Lakes,
NJ). Cells incubated without NPs were used as control.

For imaging of cellular uptake of the NPs, the peritoneal macro-
phages were cultivated at a density of 1 × 105 cells per well in a LabTek
chambered coverglass system (Thermo Fischer Scientific, Waltham,
MA), allowed to attach for 2 h before discarding non-adherent cells,
and cultured for 24 h. The NPs were added at a concentration of
100 μg/ml. After incubation for different time periods, the cells
were washed three times and then fixed in PBS containing 4% aqueous
paraformaldehyde for 10 min. A rabbit polyclonal anti-early endosomal
marker (EEA1) antibody (Abcam, Cambridge, MA) was used as primary
antibody, a goat anti-rabbit IgG (Chromeo™ 488) (Abcam) as secondary
antibody. Nuclei were stained using Hoechst 33342 (Sigma-Aldrich, St.
Louis, MO). The stained cells were then observed by confocal laser scan-
ning microscopy (CLSM) (Olympus, FV1000, Tokyo, Japan).
2.10. MRI of TGFα/c-myc mice

The animal experiments were approved by the governmental
committee (F34/07). The study protocols comply with the guidelines
for animal experiments. Male transforming growth factor (TGF)α/c-
myc bitransgenic mice were produced by crossing homozygous metal-
lothionein/TGFα [20] and Alb/c-myc [21] single transgenic mice in
CD13B6CBA background as described. Directly after weaning, the mice
received ZnCl2 to induce expression of TGFα and thereby accelerate
hepatocarcinogenesis. 20–35 weeks after beginning of the zinc-
induction, the animals were subjected to Gd-EOB-DTPA (0.03 mmol/kg,
Primovist®, Bayer-Schering, Berlin, Germany) enhanced MRI. Approxi-
mately one week later, the mice were narcotized followed by the basal
MRI and intravenous injection of 4 mg/ml of NPs (containing 0.01 mmol
Gd/kg bodyweight), immediately followed byMRI (15min after contrast
agent injection). Subsequent MRIs were performed 3 or 24 h after the in-
jection of the contrast agents. Imaging scans were performed using a 3
Tesla scanner (Siemens Magnetom Trio, Siemens Medical Solutions,
Erlangen, Germany) as described recently [18,22]. Quantitative analyses
of the MRI data were carried out as described recently [22].
2.11. Biodistribution of the NPs

NPs were administered intravenously into the mice and tissue
accumulation of the NPs was detected at 15 and 30 min (3 mice for
each NP). TGFα/c-myc mice with HCC were anesthetized. The mice
then received 4 mg/ml of NPs via intravenous injection (0.01 mmol
Gd/kg b. w.). At 15 and 30 min after the injection, blood samples were
taken, the mice were sacrificed, and the organs were collected. The or-
gans were weighed and homogenized until no solid tissue was visible.
The tissue samples from non-treated mice were used as controls. To de-
termine the content of rhodamine 123 attached to the NP, the tissue sam-
ples were analyzed for fluorescence intensity at 485/520 nm using a
FLUOSTAR galaxy (BMG LabTechnologies GmbH, Offenburg, Germany).
The percent injected dose per gram of tissue (%ID/g) was calculated to
represent the retention of NPs in organs and tissues.

2.12. Histological analysis of the localization of the NPs in the liver and
tumor tissue

TGFα/c-myc mice with HCC were intravenously injected with
4 mg/ml of NPs at a dose of 0.01 mmol Gd/kg. Fifteen or 30 min
later the mice were sacrificed and the liver and tumor tissues were
fixed with 4% paraformaldehyde for 24 h. Samples from untreated mice
were used as controls. Ten micrometer-cryosections were prepared and
were incubated with rat anti-mouse CD68 (1:25 dilution, Biolegend, San
Diego, CA) in PBS containing 2% bovine serum albumin overnight at
4 °C. After washing with PBS, the sections were incubated with Alexa
Fluor 633 conjugated goat anti-rat antibody (1:200 dilution, Invitrogen,
Carlsbad, CA). Untreated sections without any antibody were used as
negative controls. The stained sections were then examined by CLSM.

2.13. Statistical analysis

All experiments were performed at least three times on independent
occasions. Data were reported as means ± standard deviation (SD)
from at least three independent experiments. The statistical analysis
was performed using SigmaPlot 11.0 (Systat Software, San Jose, CA) by
one-way analysis of variance (ANOVA) using the Student–Newman–
Keuls test. P values b 0.05 were considered to be significant.

3. Results

3.1. Characterization of Gd-Rho-HSA-NPs

HSA-NPs were prepared and conjugated with rhodamine 123 and
Gd-DTPA as described recently [10]. Scanning electron microscopy
and photon correlation spectroscopy of the NPs revealed a uniform
size distribution with a mean diameter of 210 ± 7 nm (mean ± SD)
for unmodified NPs and 233 ± 8 nm for Gd-Rho-HSA-NPs, and a poly-
dispersity of 0.014 ± 0.010 and 0.0125 ± 0.021 for unmodified and
Gd-Rho-HSA-modified NPs, respectively (means ± SD, Fig. 1 and
Table 1). The Gd content of the Gd-Rho-HSA-NPs was 8.7 ± 1.1 mg/g
NP and the zeta potential −35.8 ± 6.4 mV (means ± SD, Table 1).
The paramagnetic properties of the NPs were confirmed by in vitro
MRI. Exposure of HepG2 cells to HSA-NPs or Gd-Rho-HSA-NPs for 48
or 72 h followed by a MTT assay revealed no significant effect of the
NPs on the viability of HepG2 cells (Supplementary Fig. 1).

To investigate proinflammatory effects of the NPs, the NPs were
injected into mice. After 48 h blood was collected from the mice and
was analyzed for white blood cell counts and the levels of CRP, an
acute phase protein. There were no significant changes due to the
injected NPs (Supplementary Fig. 2), supporting the assumption that
these NPs were well tolerated in vivo.

As an increased risk of Gd(III) leakage by covalent binding of
Gd-chelates to macromolecular systems has been reported [23], we ex-
amined the Gd(III) release from the NPs in human plasma, PBS or water



Fig. 1. Scanning electronmicroscope images of the NPs. (A) Unmodified HSA-NPs, (B) Gd-Rho-HSA-NPs, and (C) hydrodynamic diameter distribution of Gd-Rho-HSA-NPs as determined
by photon correlation spectroscopy in water.
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by the TXRF method, which detects both complexed and non-
complexed NPs. As shown in Fig. 2, the NPs showed high stability,
loosing only a small portion of Gd(III) during their incubation in
the different media.

The absorptive behavior of the NPs governing their uptake by
macrophages and thus circulation half-life can be altered by surface
modification [13]. Coating of NPs with poloxamine 908 reduces the
uptake of colloidal carriers [14], resulting in a prolongation of their cir-
culation half-life, which may lead to a different distribution of the NPs
between the liver and HCC. Poloxamine coating of Gd-Rho-HSA-NPs
conferred a positive zeta potential to the NPs, which showed otherwise
similar physicochemical properties as the non-coatedNPs and no signif-
icant toxicity on cultured HepG2 cells or on the white blood cell (WBC)
counts and CRP levels inmice (Table 1, Supplementary Figs. 1 and 2). In-
cubation of isolated mouse peritoneal macrophages with different
amounts of poloxamine-coated and uncoated Gd-Rho-HSA-NPs and
analyses of the uptake of the NPs by fluorescence activated cell sorting
(FACS) as well as CLSM revealed a rapid and efficient uptake of the
non-coated NPs by the macrophages (Fig. 3). Poloxamine coating
reduced the uptake of the NPs by themacrophages at lower NP concen-
trations (Fig. 3), indicating that poloxamine coating conferred stealth
properties to the Gd-Rho-HSA-NPs.

3.2. Imaging of HCC by Gd-Rho-HSA-NP-enhancedMRI in TGFα/c-mycmice

To investigate if the HCCs can be detected by Gd-Rho-HSA-NP-
enhanced MRI, we used TGFα/c-myc bitransgenic mice, which develop
HCCs endogenouslywithin relatively short time [18,21]. TheHCCs in the
livers of these mice were first detected by Gd-EOB-DTPA (0.03 mmol
Gd/kg)-enhanced MRI, which is highly sensitive to image HCCs in this
mouse model (Supplementary Fig. 3) [18]. Gd-Rho-HSA-NPs (contain-
ing 0.01mmol Gd/kg bodyweight) and additional MRIs directly follow-
ing the injection of the NPs (15 min) and 3 or 24 h after the injection of
the NPs. Signal enhancement in both the liver and tumor tissue was
Table 1
Physicochemical parameters of unmodified and poloxamine-modified HSA-NPs in distilled wa

Particle size [nm] Polydispersity Zeta potenti

Unmodified NSA-NP 211 ± 7 0.014 ± 0.010 −41.8 ± 4.1
Gd-Rho-HSA-NPs 233 ± 8 0.026 ± 0.021 −35.8 ± 6.4
po(Gd-Rho-HSA)-NPs 244 ± 22 0.054 ± 0.046 25.6 ± 14
highest at 15 min after injection of the NPs and declined subsequently
(Fig. 4A and B). The stronger increase of the signal intensity in the
liver as compared to the tumor resulted in negatively contrasted HCCs
in the livers. The contrast-to-noise ratio (CNR) was maximal in the
MRI performed directly following the injection of the NPs (Fig. 4C).
NPs lacking Gd-DTPA did not contrast HCCs, and Gd-HSA-NPs failed to
produce contrasting in non-induced 16 weeks old TGFα/c-myc mice,
in which HCC had not yet been developed.

When poloxamine-coated NPs were used instead of non-coated
NPs, the contrasting of the HCCs was similar (Fig. 4D–F), but the signal
enhancement in both the liver and tumor was more prolonged as com-
pared to the MRI with the non-coated NPs (Fig. 4).

Next we compared the ability of Gd-Rho-HSA-NPs to enhance MRI
signal intensity in the liver and tumor tissue in the transgenic HCC
mouse model with that of an equal amount of Gd-EOB-DTPA (contain-
ing 0.01 mmol Gd-DTPA/kg body weight), the current gold standard
to detect HCC by MRI in patients. As illustrated in Fig. 5, the increase
in CNR in the NP-injected mice was considerably higher as compared
to animals injected with Gd-EOB-DTPA, indicating that lower amounts
of Gd-DTPA were required to detect HCC by NP-enhanced MRI as com-
pared to Gd-EOB-DTPA-enhanced MRI.

3.3. Intravenously injected Gd-Rho-HSA-NPs localized to macrophages
in the liver

To support the observation that intravenously injected Gd-Rho-
HSA-NPs primarily localize to the liver, presumably due to their uptake
into liver macrophages, we measured the distribution of Gd-Rho-HSA-
NPs in different tissues upon their intravenous injection into HCC mice.
The NP-associated fluorescence reached the highest values in the liver
(Fig. 6). Significant NP uptake was also observed in the tumor, heart,
pancreas, and lung, but not in the brain or spleen. These data support
the results obtained in MRI that the intravenously administered Gd-
Rho-HSA-NPs mainly accumulated in the liver, whereas the amount of
ter (n ≥ 3).

al [mV] Particle content [mg/ml] Gd [mg/l] mg Gd per g NP

19.1 ± 0.9
16.8 ± 0.8 149.6 ± 12.2 8.7 ± 1.1

.1 19.4 ± 2.3 163.7 ± 30.1 7.8 ± 2.0



Fig. 2. Release profile of Gd(III) fromGd-Rho-HSANPs in differentmedia. TheNPs (2mg/ml)
were incubated inMilli-Qwater or PBSpH7.4, PBSpH5.0 or plasma at 37 °C.Datawere given
as mean ± SD (n = 3).
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NPs that reached the other organs and the HCCs was considerably lower,
resulting in negative contrasting of the HCCs in the liver by Gd-Rho-HSA-
NP-enhanced MRI.

In general, the accumulation of the NPs in the liver occurs mainly
due to their efficient uptake by the liver macrophages (Kupffer cells).
It is also known that the normal liver shows a higher density of macro-
phages as compared to malignant liver tumors [8]. To investigate the
distribution of the NPs in Kupffer cells and tumor-associated macro-
phages, mice with Gd-EOB-DTPA-verified HCCs were injected intrave-
nously with Gd-Rho-HSA-NPs. Fifteen or 30 min later the mice were
Fig. 3.Reduced uptake of poloxamine-coatedNPs as compared to non-coatedNPs bymouse per
NPs (po(Gd-Rho-HSA)-NPs) by peritonealmacrophages after 1 h of incubation at differentNP co
analysis (means ± SD; n = 3). *P b 0.05; **P b 0.01. (B) CLSM images of peritoneal macroph
(po(Gd-Rho-HSA)-NPs) (200 μg/ml of each NP formulation) for 1 h at 37 °C. The images we
endosomes, red for NPs. The merged images display the overlay of all fluorescence channels.
the visualization of the intracellular uptake of the NPs, and cell nuclei (blue) were stained with
sacrificed and the livers were excised, fixed, and slices of the livers
were stained with anti-CD68, a marker for macrophages, and examined
for the localization of theNPswithin the liver and tumor tissue by CLSM.
As illustrated in Fig. 7B and C, the fluorescence of the NPs was more in-
tensive in the liver as compared to the HCCs. No red fluorescence was
found in livers from animals not injected with NPs (Fig. 7A). The number
of CD68-positive cells in the liver wasmuch higher than in the tumor tis-
sue, and the majority of the fluorescence of the NPs co-localized with the
macrophages in both the liver and tumor tissue. Determination of theper-
centage of CD68-positive cells that contained fluorescent NPs revealed a
decreased amount of Gd-Rho-HSA-NPs in the tumor macrophages as
compared to the Kupffer cells (Fig. 7D).

Similar to the effect of poloxamine coating on the uptake of the NPs
by peritoneal macrophages in vitro, HCC mice injected intravenously
with poloxamine-coated Gd-Rho-HSA-NPs showed reduced localiza-
tion to NPs in the tumor tissue. The determination of the portion of
CD68 positive cells containingNP-associatedfluorescence revealed a re-
duced portion of CD68 positive cells containing NP-associated fluores-
cence in animals injected with poloxamine-coated NPs as compared to
mice injected with non-coated NPs in the tumors and livers (Fig. 7D).
Together, these data indicate that the intravenously injected Gd-Rho-
HSA-NPs were rapidly taken up by the macrophages in the liver as
well as in the tumor, producingnegatively contrastedHCCs inMRI prob-
ably due to the lower density of macrophages in the HCCs as compared
to the surrounding liver tissue. This can be modified by poloxamine
coating of the NPs.

4. Discussion and conclusions

NP-based MRI contrast media may provide additional tools for the
detection anddifferential diagnosis of liver lesions, because they showdif-
ferent pharmacokinetics than the currently used small molecule contrast
media. Moreover, their properties can be tailored according to the needs
by various modifications. We recently produced and characterized
itonealmacrophages. (A)Uptake of Gd-Rho-HSA-NPs or poloxamine-coated Gd-Rho-HSA-
ncentrations (100, 200 and 400 μg/ml) at 37 °C. Themeasurementwas performed by FACS
ages incubated with or without Gd-Rho-HSA- or poloxamine-coated Gd-Rho-HSA-NPs
re obtained using three channels shown in each column: blue for cell nuclei, white for
Endosomes (white) were stained with rabbit polyclonal anti-EEA1 antibody to facilitate
Hoechst 33342. Scale bar = 10 μm.



Fig. 4. Imaging of HCC by uncoated and poloxamine-coated Gd-Rho-HSA-NPs in TGFα/c-mycmice. Representative time courses ofMRI of HCCmice injectedwith Gd-Rho-HSA-NPs (A–C)
or poloxamine-coated Gd-Rho-HSA-NPs (po(Gd-Rho-HSA)-NPs) (D–F). The animals were scanned immediately before (pre-injection) and 15 min, 3 h or 24 h after the injection of the
NPs. The layers in the images for 3 and 24 h are not identical, showing different localization of organs and appearance of HCC as a result of different animal used. (B, E) Comparison of
the signal to noise ratio (SNR) of the liver and tumor in Gd-Rho-HSA-NP- (B) and po(Gd-Rho-HSA)-NP-injected TGFα/c-myc mice (E) at the indicated time after the injection of the
NPs. The NPs were administered into the mice at a Gd dose of 0.01 mmol/kg. (C, F) Comparison of the contrast to noise ratio (CNR) of Gd-Rho-HSA-NP- (C) and po(Gd-Rho-HSA)-NP-
injected mice (F). Quantification of the MRI signal intensity of the HCCs was performed by subtracting the signal intensity before (pre-injection) and after administration of each NP at
the Gd dose of 0.01mmol/kg for all measurements. The data are presented asmeans± SD fromn≥ 3mice/group. Therewas a significant difference as shown (**P b 0.01). Arrows indicate
the locations of HCC.
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non-toxic biodegradable HSA-NPs conjugated with Gd-DTPA and rhoda-
mine 123with high stability in serum and PBS. TheseNPs can be detected
by MRI in vivo as well as by their fluorescence in tissue homogenates or
tissue slices [10]. The latter is important for exact localization of the NPs
in the tissues, which facilitates their further development as con-
trast agents. Using these dually labeled Gd- and rhodamine 123-
conjugated NPs consisting of a HSA core, we show here that Gd-labeled
NPs effectively contrasted HCCs in MRI in a transgenic mouse model



Fig. 5. Comparison of the sensitivity of Gd-EOB-DTPA- and Gd-Rho-HSA-NP-enhanced MRI to detect HCC. Mice with HCC, as revealed by MRI with an optimal dose of Gd-EOB-DTPA
(0.03 mmol/kg) one week before, were subjected to a basal MRI followed by injection of Gd-Rho-HSA-NPs or Gd-EOB-DTPA (0.01 mmol/kg) and another MRI. (A) Representative MR
images. Arrows indicate the locations of HCC. (B) Quantitative analysis of CNR of livers and tumors. The data are displayed as means ± SD from n = 3 mice/group. Asterisks indicate
significant differences; **P b 0.01.
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with endogenously formed HCCs, i.e. in a patient-relevant HCC mouse
model. As imaging of HCCs in the liver by Gd-NP-enhanced MRI has not
yet been achieved in other studies, this study provides the first evidence
that Gd-conjugated NPs can contrast HCCs in the liver.
Fig. 6. Tissue distribution of NPs inHCCmice 15min after intravenous injection of the NPs.
Results are reported as % injection dose per gram of organ (%ID/g). Data are presented as
means ± SD from n = 3 mice/group (**P b 0.01).
The covalent binding of DTPA to the NPs in principle could decrease
the stability of the Gd(III) complex [23], leading to the release of the
toxic uncomplexed Gd(III). However, we found no significant cellular
toxicity or signs of inflammation after NP administration in mice. More-
over, as more Gd was required to increase the MRI signal of the liver
upon injection of Gd-EOB-DTPA as compared to Gd-Rho-HSA-NPs, it is
unlikely that Gd released from the NPs contributes to the contrasting
of HCC in Gd-Rho-HSA-NP-enhanced MRI.

In the present study we aimed to improve the pre-existing clinically
successful approach of visualization of HCC by taking advantage of the
differential distribution of macrophages between the liver and malig-
nant liver tumors and the rapid uptake of NPs by macrophages using
Gd-labeled NPs that can be detected by T1-weighted MRI. This is ad-
vantageous because SPION-enhanced visualization of HCC requires T2-
weighted MRI, which negatively contrasts the underlying structures
providing ambiguous imaging, in particular in cirrhotic livers, which
holds for the majority of HCC patients [9]. Thus, the high resolution
contrast-enhanced T1-weighted MRI of liver lesions using Gd-labeled
HSA-NPs described in the present study should be superior to SPION-
enhanced MRI for imaging of liver lesions.

Gd-Rho-HSA-NPs caused negative contrasting of the HCCs in the
liver. Immune fluorescence microscopy of tissue slices from the liver
and HCC of mice injected with the NPs revealed that the majority of
the NPs co-localized with CD68 positive macrophages, which were
found to be fewer in HCC tissue as compared to the surrounding liver
tissue in this HCC mouse model with endogenous HCCs similar to HCC



Fig. 7.Histological analysis of the localization of Gd-Rho-HSA-NPs and poloxamine-coated Gd-Rho-HSA-NPs in liver and tumor tissue sections. Representative CLSM images show the lo-
calization of the NPs inmacrophages and their distribution before and 15 or 30min after the injection of the indicated NPs. Tissue autofluorescence is shown in green for background, the
fluorescence of theNPs in red, and staining of CD68 positivemacrophages inwhite. (A) Untreated tissues; upper panel: stained liver tissue sections before injection of NPs; lower panel: stained
tumor tissues. (B, C) Sections of liver and tumor tissues 15 (B) or 30 min (C) after the injection of Gd-Rho-HSA- or po(Gd-Rho-HSA)-NPs as indicated. (D) Quantitative analyses of the % co-
localization of the NPs with the macrophages in the liver and tumor tissue analyzed by the software ImageJ. The data represent means ± SD (n = 3mice/group). *P b 0.05; **P b 0.01.
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patients. In agreementwith these data, isolated peritonealmacrophages
rapidly took up the NPs and biodistribution analyses revealed preferen-
tial localization of the systemically administered NPs in the liver over
other organs and HCCs. Thus, the negatively contrasted HCCs in the
liver in MRI can be readily explained by the rapid uptake of the intrave-
nously administered Gd-Rho-HSA-NPs into the macrophages, which
were differentially distributed between the HCC and surrounding liver
tissue.

Gd-conjugated polylactic acid NPs and polyamidoamine dendrimers
have been developed to specifically target the tumor cells [24,25]. This
approach requires NPs that either bind strongly and specifically to the
tumor cells in vivo or circulate continuously in the blood to enable pen-
etration into the tumor due to the EPR effect. However, these require-
ments are difficult to fulfill. We here investigated if coating of the NPs
with poloxamine to confer stealth properties to the NPs altered the
distribution of the NPs between the liver and tumor. As expected,
poloxamine-coated NPs showed a reduced uptake by peritonealmacro-
phages ex vivo. At high concentrations the uptake of the poloxamine-
coated and uncoated NPs by the macrophages was similar, suggesting
that this process reached the level of saturation. This phenomenon
was also observed by others [26,27]. In agreement with a reduced up-
take of poloxamine-coated NPs by macrophages, examination of liver
slices from mice injected with poloxamine-coated and non-coated NPs
revealed that the poloxamine-coatedNPs showed a reduced localization
in themacrophages in the liver and tumor tissue. However, poloxamine
coating did not significantly alter the initial enhancement of the signal
intensity in the liver and tumor tissue in Gd-Rho-HSA-NP-enhanced
MRI. At present we cannot explain this minor difference between the
MRI and the immunofluorescence images of the tissue slices. The visual-
ization of the NPs in the tissue by histology and in early in vivoMRI dif-
fers in that signal enhancement in MRI is due to Gd-labeled NPs in the
tissue and in the blood vessels, whereas residually circulating NPs
were washed out in the histological approach, in which the animals
were perfused prior to the removal of the livers. Nevertheless,
our data indicate that surface modification of the NPs can alter the
biodistribution of theNPs,whichmight be useful to tailor NP-based con-
trast media to the specific needs.

Our novel NP contrast agents required less Gd-DTPA to visualize the
HCCs by MRI than Gd-EOB-DTPA, the currently best MRI contrast agent
for the detection of HCC in patients, in the HCCmousemodel. This could
be due to the slower renal excretion of the macromolecular NPs as
compared to free Gd chelates andmight be of clinical relevance consid-
ering the reported risk of nephrotoxic effects of Gd chelate-containing
contrast agents, in particular in patients with kidney dysfunction [28].
Thus, NP-based Gd-conjugated contrast media may be preferable over
small molecule contrast media in patients with pre-existing kidney
damage.

In principle, similar to other small molecule Gd chelate contrast
media, Gd-labeled HSA-NPs may also be capable to detect HCC by its
frequently encountered and typical early arterial hyperperfusion in dy-
namicMRI. For technical reasons, we could not perform dynamicMRI in
our mouse model. However, there is no indication that Gd-HSA-NP-
based contrast media may be advantageous for this purpose in compar-
ison to the small molecule Gd containing contrast media.

In summary, the data of present study indicate that Gd-labeled HSA-
NPs constitute a new non-toxic biodegradable MRI contrast agent that
enables highly sensitive and high resolution detection of HCC in a
mouse model with endogenous hepatocarcinogenesis, most likely by
signal enhancement of the macrophages in the liver and tumor in
T1-weighted MRI. The uptake of the NPs by the macrophages can be
modified by surface coating of the NPs, which may be used to obtain
NPs with a different diagnostic potential.
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