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old nanorods (AuNR) represent a
G relatively novel class of nanoparti-

cles that hold significant potential
for many areas of medicine, including for
diagnostic and drug delivery purposes.’
AuNR synthesis and surface functionaliza-
tion is well-established including the possi-
bility to tailor their size and shape. More-
over, their unique interaction with light and
the fact that gold is not naturally occurring
in living organisms allows precise localization
and quantification of gold nanoparticles. All
these points make gold nanoparticles ideal
candidates as model particles for systematic
studies on the effects of nanoparticles in vivo.
While most research today is focused on
achieving active targeting and therapeutic
advantage of nanoparticles by chemical mod-
ifications, such as attachment of short peptide
sequences, the effects of nanosystems bear-
ing targeting molecules on the whole body,
especially in clinically relevant settings of
disease, are largely unknown.

The liver is the key organ for determining
the fate of nanoparticles larger than 8 nm
that do not undergo glomerular filtration.?
Yet, very limited studies focused on the
effects of engineered nanoparticles on liver,
especially considering healthy and diseased
tissue. Potential effects of nanotherapeutics
on hepatic diseases are consequential be-
cause around 500 million people are chroni-
cally infected with hepatitis B or C virus
worldwide,® being rendered at high risk
for developing chronic scarring of the liver
(fibrosis), which might later progress into cir-
rhosis or hepatocellular carcinoma.* Further-
more, in the U.S,, more than 20% of the general
population, with a constantly increasing
incidence rate, suffers from obesity® and is
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known that nanopartides accumulate in
liver in vivo, the impact of cell-targeting .v
partides on the liver, espedially in disease ~3\

L 0 —

conditions, is largely obscure. We had

peptide

" peptide
peptide

peptide

Liver

previously demonstrated that peptide-
conjugated nanoparticles differentially
impact macrophage activation in vitro.
We thus comprehensively studied the distribution of gold nanorods (AuNR) in mice in vivo and assessed
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their hepatotoxicty and impact on systemic and hepatic immune cells in healthy animals and
experimental liver disease models. Gold nanorods were stabilized with either cetyltrimethylammonium
bromide or poly(ethylene glycol) and additional bioactive tripeptides RGD or GLF. Gold nanorods mostly
accumulated in liver upon systemic injection in mice, as evidenced by inductively coupled plasma mass
spectrometry from different organs and by non-invasive microcomputerized tomography whole-body
imaging. In liver, AuNR were only found in macrophages by seedless deposition and electron
microscopy. In healthy animals, AuNR did not cause significant hepatotoxicity as evidenced by
biochemical and histological analyses, even at high AuNR doses. However, flow cytometry and gene
expression studies revealed that AuNR polarized hepatic macrophages, even at low doses, dependent on
the respective peptide sequence, toward M1 or M2 activation. While peptide-modified AuNR did not
influence liver scarring, termed fibrosis, in chronic hepatic injury models, AuNR-induced preactivation of
hepatic macrophages significantly exacerbated liver damage and disease activity in experimental
immune-mediated hepatitis in mice. Bioactively targeted gold nanopartices are thus potentially
harmful in dinically relevant settings of liver injury, as they can aggravate hepatitis severity.

KEYWORDS: nanomedicine - macrophages -
peptide-functionalized nanoparticles - liver injury - Concanavalin A - liver fibrosis

thereby at high risk for non-alcoholic fatty  «address correspondence to
liver disease. Given the high prevalence of frank.tacke@gmx.net.
viral hepatitis or liver fibrosis and cirrhosis in . .
. o . . Received for review June 6, 2012
humans, systemic administration of engi-  and accepted September 20, 2012.
neered nanoparticles might impact the
. X L. Published online S
course and outcome of liver diseases in vivo.  10.1021/nn302502u
Independent of nanoparticle surface chem-

istry, usually a high percentage of nanoparticles ~ ©2012 American Chemical Society

VOL.6 = NO.10 = 8767-8777 = 2012 AMQ@LNLQL\K)

WWwWw.acsnano.org

ptember 21, 2012

8767



injected into the bloodstream is cleared by the liver,
mainly by the liver resident macrophages that consti-
tute 80—90% of all macrophages of the body.® Impor-
tantly, peptide-conjugated nanoparticles have been
previously shown to induce macrophage activation
in vitro.” A nanoparticle-induced activation of macro-
phages might be particularly relevant in the context of
liver diseases because macrophages were found to
promote hepatic fibrosis progression by releasing cyto-
kines and activating collagen-producing hepatic stel-
late cells® and potentially also exacerbate hepatitis.”
Macrophages are a heterogeneous population of pha-
gocytic cells that is often characterized as polarized
into rather pro-inflammatory M1 or anti-inflammatory
M2 macrophages. In mice, M1 cells express among
others the tumor necrosis factor o (TNFa), inducible
nitric oxide synthase (iNOS), and interleukin 14 (IL15),
whereas M2 cells typically express Arginase 1 (Arg1),
resistin-like alpha (Retnla, FIZZ-1), and IL4."° Murine
pro-inflammatory macrophages in the liver derive from
circulating monocytes that migrate into the liver upon
injury and express F4/80, CD11b, and the Ly6C antigen,
whereas Kupffer cells represent resident liver macro-
phages expressing high levels of F4/80 but low levels of
Ly6C and CD11b on their surface.’ In accordance to
variations in Ly6C antigen expression,'’ murine hepa-
tic macrophages differentially express alternative acti-
vation markers, specifically the IL4 receptor a (CD124).
The IL4-based signaling is essential to protect from
organ injury and to inhibit inflammation in disease.'?
Additional murine M2 surface markers are the man-
nose receptor (CD206) and the macrophage C-type
lectin domain family 10, member A (CLEC10A, CD301).

As novel nanoparticle-based treatment options
might be applied in clinical settings of multimorbidity,
we decided to comprehensively study the distribution
of AuNR in vivo and assess their overall toxicity and
their impact on systemic and hepatic immune cells. In
this study, we assessed the concentration-dependent
uptake of gold nanorods into five different major
organs, liver, spleen, lung, kidney, and brain, after 24 h
using inductively coupled plasma mass spectrometry
(ICP-MS). Further, we established a non-invasive screen-
ing method that is based on microcomputed tomogra-
phy (uCT) for longitudinal measurements of gold nano-
particle in vivo distribution. We studied the effects of gold
nanorods on important blood cell types, liver injury, as
reflected by serum alanine aminotransferase (ALT) levels,
and serum cytokine release in otherwise healthy mice. To
determine effects on liver histology, we analyzed liver
sections using immunohistochemistry. Transmission
electron microscopy was done to assess cell-type-
specific accumulation. We compared effects of the
nanoparticles on liver resident and infiltrating macro-
phages, as well as on other hepatic immune cell popula-
tions. For assessing the effects of PEGylation and
additional modification with bioactive peptides on the
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progression of liver disease, we generated gold nano-
rods stabilized with cetyltrimethylammonium bromide
(CTAB), polyethylene glycol (PEG), and with the bio-
active tripeptides RGD and GLF attached to the PEG
layer. In order to investigate effects in the context of
chronic liver injury in vivo, 8 weeks old C57BL/6 mice
were respectively treated with hepatotoxic carbon
tetrachloride (CCl,) as well as with nanoparticles for
6 weeks, and the animals were subsequently analyzed
for their development of scarred tissue (fibrosis). Acute
immune-mediated hepatitis was induced in nano-
rod-treated animals by injection of Concanavalin A
(ConA) in mice. Hepatic macrophages were isolated
from liver and analyzed for their expression of genes that
are characteristic for a certain phenotype of macrophages.

RESULTS AND DISCUSSION

In order to investigate a potential hepatotoxicity of
AuNR on healthy animals in vivo, we first assessed
AuNR biodistribution upon intravenous injection into
five major organs of mice using ICP-MS. It appeared
that CTAB-capped AuNR predominantly accumulated
in liver (Figure 1a), followed by spleen and, at the
highest concentration, also lung. At the highest con-
centration of 1200 ug/kg mice body weight, a macro-
scopically visible brownish discoloration of explanted
livers was visible (Figure 1b). Seedless deposition (size
enhancement) of gold in liver and spleen sections
confirmed AuNR accumulation in these organs, in cells
of the reticuloendothelial system (Figure S1 in the
Supporting Information). As a non-invasive approach
to study particle distribution in vivo, whole-body
uCT was performed. Mice were scanned 1 and 6 days
after intravenous injection of different doses of CTAB-
coated gold nanorods (12, 120, and 1200 u«g/kg body
weight) and isotonic saline solution (0.9% NaCl) as
control. These studies showed an increased accumula-
tion in liver compared to spleen (intermediate) and
kidney (very low) and thus confirmed the predominant
accumulation of AuNR in liver, reflected by a distinct
contrast enhancement comparing saline and AuNR-
treated mice (Figure 2a,b and Figure S2). Moreover,
it has to be kept in mind that the dry weight of the
liver is approximately 50 times higher than of spleen
(Figure S3), corroborating that the liver is the major
organ for gold nanorod accumulation in vivo. After 6
days, the nanoparticles were still detectable in the liver
at similarly high levels (Figure 2¢,d and Figure S4),
clearly evident upon quantification of the gold intrinsic
radiodensity (Figure 2ef). This suggests a predominant
hepatic accumulation, a low level of hepatobiliary
clearance, and a prolonged persistence of AuNR in
the liver in vivo.

To determine histological changes in liver morphol-
ogy due to the presence of AuNR, we prepared tissue
sections and performed hematoxylin and eosin (H&E)
staining. AUNR administration did not provoke overt
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Figure 1. AuNR distribution in vivo. NaCl (control) or CTAB-coated AuNR (concentration given as ug/kg body weight) were
injected intravenously into 8—12 week old C57BL/6 wild-type mice that were sacrificed after 24 h (n = 6 mice per condition).
Inductively coupled plasma mass spectrometry (ICP-MS) data on the distribution of gold nanorods in different organs,
normalized to dry organ weight (a). Macroscopic appearance of the liver (b).

tissue damage in liver histology, although some in-
flammatory leukocytes were noted around the hepatic
portal fields at high doses of AuNR. We found a mild
increase in cells located in the sinusoidal space that we
hypothesized to be macrophages (Figure 3a,b). To
prove that the nanoparticles were located in macro-
phages, we conducted transmission electron micro-
scopy (TEM) and could show that the rods were located
in hepatic macrophages but not in parenchymal cells
(hepatocytes) or endothelial cells of the liver (Figure 3b).
The unexpected lack of nanorod uptake by endothelial
cells, as reported by others,'® might be explained by
sedimentation effects that exist in vitro but are strongly
decreased in vivo due to constant flow conditions;
however, we cannot exclude that endothelial cells had
transiently carried nanorods, which were not detectable
anymore at 24 h after injection. Studies on other organs
based on TEM showed that also in spleen AuNR were
located in macrophages (Figure S5).

To study potential systemic effects of nanorods, we
performed flow cytometric analyses of blood cells in
order to unravel any changes associated with blood
leukocytes. At the highest AuNR concentration, inflam-
matory phagocytic blood cells, namely, neutrophils
and monocytes, increased mildly (Figure 4a), and the
numbers of pro-inflammatory Ly6C"9" monocytes cir-
culating in blood were increased at the highest AuUNR
dose (Figure S6). We additionally studied other impor-
tant blood immune cells such as T cells, B cells, natural
killer (NK) cells, natural killer T cells (NKT cells),
and cytotoxic CD8 cells. Notably, none of these other
immune cells were significantly affected in the
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circulation (Figure S6). CTAB-stabilized AuNR, which
are known to be toxic in vitro,'* surprisingly only mildly
increased ALT (a sensitive indicator for hepatocellular
injury) enzyme activity in vivo (Figure 4b) and did also
not induce significantly elevated levels of inflamma-
tory cytokines in serum (Figure 4c).

Upon disease or stress stimuli,immune cells migrate
from blood to organs. Immune cell infiltration into the
liver therefore indicates very early inflammatory acti-
vation. In order to detect even mild hepatic inflamma-
tory responses upon nanorod administration, exten-
sive flow cytometric analyses were conducted. In liver,
infiltrating inflammatory macrophages (iM®; CD11b™
F4/80™)® as shown in Figure 5a accumulated signifi-
cantly at the highest concentration of nanorods, whereas
the resident Kupffer cell (KC; CD11b~ F4/80") macro-
phage population as well as neutrophils were not sig-
nificantly affected (Figure 5a,b), similar to other hepatic
immune cells (Figure S7). Blood monocytes and the
hepatic macrophage populations iIM® and KC exhibit
characteristic differences in their expression of the
Ly6C antigen; Ly6C expression is highest on circulat-
ing (Ly6C"9") monocytes, is decreased on monocyte-
derived hepatic iM® upon migration into organs such
as liver, and is low to negative on tissue-resident
macrophages such as KC (Figure $8).2

Earlier studies have simplified the hepatic macro-
phage pool as being KC without differentiating be-
tween infiltrating subsets, mainly iM®, and of resi-
dent macrophages, KC in the more specific sense.'”
To address the question whether hepatic macrophages
differ in their efficiency of AuNR uptake, we isolated
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Figure 2. Non-invasive monitoring of AuNR distribution in vivo. Microcomputed tomography scans after 24 h of injection of
saline (a) or 1200 #g/kg AuNR (b), analyzed using identical imaging settings. The contrast of the liver is enhanced due to AuNR
deposition. After 6 days, data appear similar for saline (c) or AuNR treatment (d). Statistical summary of radiodensity
quantification after 24 h (e) or 6 days (f) given as Hounsfield units in liver, kidney, and spleen.

iM® and KC from mice 24 h after the injection of
120 ug/kg CTAB-coated AuNR using fluorescence-
activated cell sorting and quantified the uptake of
AuNR by the distinct macrophage subsets using
ICP-MS. The iM® internalized an almost 30-fold larger
amount of nanoparticles per cell (Figure S9). These
data show that there is a high necessity to discriminate
macrophage subsets in the liver, as the iIM® is believed
to primarily mediate pro-inflammatory effects in con-
ditions of liver injury.?

The activation profiles of hepatic macrophages, as
reflected by the surface markers CD124, CD206, and
CD301, were only mildly affected by gold nanorods
(Table S1 and Figure S10). Earlier in vitro studies with
human macrophages had shown that significant
changes in surface marker expression appear as late
as after 7 days and that gene regulation is already
affected after only 1 day.'® We also performed gene
expression studies of liver tissue samples and found
that Retnla transcript abundance, which is believed to
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exert inflammation-limiting properties,'” increased
with nanorod concentration. Similarly, up-regulation
of the macrophage receptor with collagenous struc-
ture (Marco) at the highest AuNR dose might be related
to macrophage particle uptake as this scavenger re-
ceptor is involved into the uptake of unopsonized
particles'® and also limits inflammation.'® Further,
interleukin 4 (IL4) was up-regulated by the two highest
doses of AuNR, which might be a secondary effect of
the particles as IL4 is expressed by activated T cells.?®
The IL4 receptor (IL4R)—IL4 axis was also reported to
down-regulate inflammation.'? Expression of IL18, the
key molecule for stress sensing by the immune
system,>' was only triggered at the highest dose of
AuNR (Figure S11).

Cytokine protein profiling showed that, even at the
highest concentration of nanorods, there were only low
levels of the pro-inflammatory cytokines CXC-chemokine
ligand 1 (CXCL1), interleukin 6 (IL6), and CC-chemokine
ligand 2 (CCL2) in the liver (Figure 5c). Collectively,
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Figure 3. Gold nanorods in healthy liver. CTAB-coated AuNR (concentration given as ug/kg body weight) were injected
intravenously into 8—12 week old C57BL/6 wild-type mice that were sacrificed after 24 h. Liver morphology and accumulation
in hepatic macrophages. Hematoxylin eosin staining of liver sections without treatment and after treatment with 1200 #g/kg
AuNR (a). In the liver structure, the central vein (CV) and portal fields (PF) are marked. A discrete increase of inflammatory cells
(small round blue cells) can be noted in periportal regions and sinusoidal space. In the liver, nanorods (black dots) accumulate
in macrophages but not in hepatocytes or endothelial cells, as shown by transmission electron microscopy of ultrathin liver
sections (b).
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Figure 4. Toxicity and blood immune cell alterations by AuNR in vivo. Eight week old C57BL/6 mice were injected
intravenously with NaCl (control) or different concentrations of CTAB-coated AuNR (concentration given as ug/kg body
weight). Mice were sacrificed after 24 h (n = 6 mice per condition). Flow cytometric analysis of circulating monocytes and
neutrophils (a). Hepatic injury was determined by serum alanine transaminase (ALT) activity (b). Cytokine profiling (protein
levels) in serum (c). Data represent mean =+ SD; *P < 0.05 (unpaired Student's t test).

these data suggest that CTAB-coated AuNR are— immunotoxic in healthy mice in vivo, unanticipated
over a wide dose range—neither hepatotoxic nor from in vitro studies.'* However, at high doses of gold
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Figure 5. Liver immune cell number alterations by AuNR in vivo. Eight week old C57BL/6 mice were injected intravenously with
different concentrations of CTAB-coated AuNR (concentration given as ug/kg body weight). Mice were sacrificed after 24 h (n=6
mice per condition). Representative flow cytometric scatter plots of intrahepatic macrophages: inflammatory macrophages (iM®)
or resident Kupffer cells (KC) (a). Statistical summary of flow cytometric analysis of intrahepatic neutrophils, iM®, or KC (b).
Cytokine profiling (protein levels) in liver (c). Data represent mean + SD; *P < 0.05 (unpaired Student's t test).

nanorods, alterations of the composition of the hepatic
macrophage subsets as well as of macrophage polar-
ization markers were noted, specifically up-regulation
of key molecules of M2 macrophage activation. This
prompted us to address whether gold nanorods might
affect the outcome of liver injury in vivo.

We next examined the effects of different biofunctiona-
lized AuNR in conditions of chronic liver injury in a mouse
model that reflects chronic disease progression in humans.
Hepatic injury and fibrosis were experimentally induced by
challenging mice for 6 weeks twice weekly with the hepa-
totoxic agent CCl,. AuNR were injected weekly at a dose of
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12 ug/kg. Fibromodulatory effects of AuNR capped either
with CTAB, PEG, or the bioactive tripeptides GLF or RGD
were comprehensively compared (a scheme of the differ-
ent particles is shown in Figure 6a). The peptide sequence
RGD is considered tumor-binding,?* and GLF is thought
to be macrophage-binding.?® Importantly, all peptide-
functionalized gold nanorod formulations did not induce
hepatotoxicity, as assessed by biochemical and histolog-
ical analyses in naive animals at this dose, similar to the
findings from CTAB rods (Figure S12).

CTAB-coated nanorods did not alter the outcome of
chronic liver injury, whereas GLF- and RGD-capped
2012
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Figure 6. Effects of biofunctionalized nanorods on blood cells in liver fibrosis in vivo. Four different types of gold nanorods
were tested in chronic toxic liver injury, those stabilized with CTAB, with PEG, with the RGD tripeptide, or with the GLF
tripeptide (a). Chronic toxic liver injury was induced by 6 weeks of carbon tetrachloride (CCl,) treatment in C57BL/6 mice (n =
6 mice per condition). Nanorods were administered weekly at 12 xg/kg. Mice were sacrificed after 6 weeks of CCl, challenge,
48 h after the last injection. Hepatic injury was determined by serum alanine transaminase activity (ALT) (b). Flow cytometric
analysis of peripheral blood circulating leukocytes including monocytes and neutrophils (c). Data are expressed as mean +

SD; *P < 0.05, ***P < 0.001 (unpaired Student's t test).

particles led to modestly increased ALT levels
(Figure 6b). Interestingly, PEG rods led to a significant
decrease in blood monocytes and to an increase in
neutrophils (Figure 6c), which is likely related to the
increased circulation half-life of PEG-coated nano-
particles.>* This demonstrates immunomodulatory ac-
tivity of nanoparticles also in vivo that is based on AuNR
uptake and subsequent intracellular actions on immune
cell activation.'® Again, all other studied circulating
immune cells were unaffected (Figure S13).

The degree of fibrosis is reflected by the deposition
of collagen in the extracellular matrix of the liver. Sirius
Red staining of collagen revealed that mice in all groups
developed significant liver fibrosis (Figure 7a). Quantifi-
cation of collagen fiber formation based on Sirius Red
staining as well as hepatic hydroxyproline concentration
as an independent measure of fibrosis progression re-
vealed no significant differences in fibrosis development
by the different particle stabilizers (Figure S14). Hepatic
immune cell numbers were mostly unaffected by nano-
rods, except for significantly decreased NK cells in the
livers treated with CTAB, RGD, and GLF rods (Figure 7b
and Figure S15). These effects on NK cells are hypothe-
sized to be secondary effects of the liver injury process as
they are involved in eliminating injured cells and, like all
lymphocytes, do not internalize these nanoparticles as
proven by earlier in vitro studies.'®

BARTNECK ET AL.

Interestingly, we noted that, in liver fibrosis, the
macrophage surface markers CD124, CD206, and CD301,
which have been linked to fibrogenic properties in
nonhepatic models,> =% were distinctly altered by
AuNR in chronic injury models based on their chem-
istry, especially by PEG rods; they significantly de-
creased expression of the IL4AR by KC, whereas these
particles in parallel increased CD206 expression by
iM®d. RGD rods significantly decreased the number of
CD206 expressing iM® (Table S2 and Figure S16).
Taken together, the different nanorods displayed re-
markable immunomodulatory effects in macrophages
that are most pronounced in disease conditions.

In addition to the long-term effects of nanomaterials
on fibrosis development, they might also affect the
outcome of acute immune cell-mediated liver disease
such as hepatitis. We have previously demonstrated
that distinct biofunctionalized AuNR impact the po-
larization of human macrophages in vitro.'® To better
delineate possible consequences of these particles in
the setting of hepatitis, we applied the well-established
mouse model of experimental hepatitis induced by the
lectin ConA which results in severe liver injury within
8 h. Strikingly, in mice suffering from hepatitis, pretreat-
ment with both peptide-terminated AuNR led to larger
areas of necrotic hepatocytes and to an increased infiltra-
tion by mononuclear cells in histology (Figure 8a). In line
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Figure 7. Effects of biofunctionalized nanorods on liver fibrogenesis in vivo. Chronic toxic liver injury was induced by 6 weeks
of carbon tetrachloride (CCl,) treatment in C57BL/6 mice (n = 6 mice per condition). Representative micrographs of liver
fibrosis scoring based on Sirius Red staining, collagen-rich scar tissue appears red (a). Flow cytometric analysis of liver
macrophage subsets and neutrophils (shown as percent of CD45 expressing hepatic leukocytes) (b). Data are expressed as
mean =+ SD; *P < 0.05, ***P < 0.001 (unpaired Student's t test).

with these observations, ALT serum levels after ConA
treatment were significantly increased by RGD-coated
rods, reflecting increased liver injury by RGD-capped
rods. GLF rods also accelerated liver injury, but the in-
crease in ALT levels did not reach statistical significance
(Figure 8b). The number of liver macrophages (iM® and
KC) was only weakly affected in response to the different
nanorods (Figure 8c). Frequencies of other blood cells
(Figure S17) could not be linked to the extent of liver
injury. In liver, NK and CD8 cells were significantly in-
creased by PEG rod treatment (Figure S18). As mentioned
above, these are hypothesized to be rather indirect
effects of the nanoparticles, as NK and CD8 cells do not
directly interact with the AuNR."®

On the basis of the preferential accumulation of
AuNR in hepatic macrophages (Figure 3b) in vivo and
their influence on macrophage functions in vitro,?® we
next studied the impact of differently functionalized
nanorods on hepatic macrophage polarization in acute
hepatitis by flow cytometry. Nanorod surface chemis-
try distinctly impacted the phenotype of hepatic
macrophages in the ConA hepatitis model, as PEG rods
induced a significant up-regulation of CD124 by KC
(Table S3 and Figure S19). The differences in the
expression of the IL4R (CD124) in both liver injury
models (Tables S2 and S3) might be explained by the
different molecular mechanisms accounting for the
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liver injury that are induced by ConA or CCl,. CCly-
mediated injury is based on hepatocyte death,?® and
inflammation is a secondary effect, whereas the ConA
model represents immune cell-mediated liver damage,
mainly by macrophages and T cells.>° To further char-
acterize the activation profile of hepatic macrophages
triggered by RGD or GLF-capped nanorods, we per-
formed gene expression studies of whole liver extracts
and of isolated F4/80" hepatic macrophages from
control and ConA-injured livers that had been pre-
treated with RGD or GLF-capped nanorods. In whole
liver specimens treated with nanorods only, gene
expression levels of Arg1, IL4, and TNFo. were found
to be slightly reduced, except for a weak up-regulation
of IL4 by GLF rods. Retnla was up-regulated by RGD
rods under both conditions (Figure 9).

Strikingly, isolated hepatic macrophages from non-
injured livers expressed high levels of Arg1, IL4, and
Retnla but low levels of TNFa upon RGD rod administra-
tion (Figure 9), clearly indicating an alternatively activated
macrophage polarization (M2 cells). M2 cell activation has
been linked to anti-inflammatory cytokine production but
is also a response in means to suppress tissue injury in
allergic or helminth inflammation.>'*> GLF rods, on the
other hand, polarized hepatic macrophages toward the
M1 subtype linked to inflammatory injuries such as
bacterial infections,®® as evidenced by reduced levels of
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Figure 8. Peptide-functionalized nanorods in acute hepatitis. Eight week old C57BL/6 mice were treated with different
biofunctionalized gold nanorods intravenously, followed 40 h later by intravenous injection of 15 mg/kg Concanavalin A
(ConA). Mice (n = 6 per condition) were sacrificed 8 h after ConA injection. Hematoxilin eosin staining of liver sections. Please
note necrotic areas (lighter) and infiltration of mononuclear cells (small dark blue spots) (a). Alanine transaminase activity
(ALT) in serum as a measure of liver injury (b). Flow cytometric analysis of liver leukocytes, KC and iM® (c). Data are shown as
mean + SD, normalized to sodium-chloride-treated control animals; **P < 0.005 and ***P < 0.001 (unpaired Student's t test).
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Figure 9. Effects of peptide-functionalized nanorods on
intrahepatic macrophage gene expression in acute hepati-
tis. Eight week old C57BL/6 mice were treated with different
biofunctionalized gold nanorods intravenously, followed
40 h later by intravenous injection of 15 mg/kg Concanavalin
A (ConA). Mice were sacrificed 8 h after ConA injection. Gene
expression levels for macrophage polarization are shown
for either whole liver or hepatic macrophages. Data represent
mean values of n = 3.

Arg1, IL4, and Retnla but increased TNFa. (Figure 9). In
both cases, the hepatic macrophages reverted their gene
expression profile in ConA-induced hepatitis; RGD rods
led to an apparently distinct state of both M1 and M2
marker down-regulation, whereas GLF rods led to a weak
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up-regulation of two M2 markers (Arg1 and Retnla) and of
the M1 marker TNFo. but also to down-regulation of IL4
(Figure 9). The reason for the differential changes in mac-
rophage activation might be interactions of the biofunc-
tional peptides inside the cells with specific inflammatory
pathways. In fact, it has been shown earlier that peptide
conjugation to nanoparticles affects macrophage activa-
tion upon uptake of these particles.” Using identically
generated RGD and GLF rods, we have previously de-
monstrated that these peptide-modified AuNR influence
the polarization of human macrophages in vitro.”®
Collectively, our data convincingly show that mod-
ifying the surface chemistry of gold nanoparticles can
considerably affect the polarization and functionality
of inflammatory macrophages and Kupffer cells in the
liver, resulting in a preactivation state that promotes
increased susceptibility to acute inflammatory injury.
ConA-induced hepatitis is widely used as an experi-
mental model for acute hepatitis, as this Canavalia
ensiformis mitogen with carbohydrate-binding (lectin)
properties causes a vigorous CD4" T-cell stimulation,
resulting in TNFa-related hepatic necrosis after a single
administration.®® It is well-known that this model,
like human liver diseases,® crucially depends on the
activation of hepatic macrophages and liver injury can

VOL.6 = NO.10 = 8767-8777 = 2012 @W)

WWww.acsnhano.org

11D1L¢

8775



be significantly inhibited by depleting macrophages in
experimental conditions.>*

CONCLUSIONS

Immunomodulatory effects of nanomaterials can be
strongly amplified under disease conditions, possibly
due to additive effects of nanoparticles and the under-
lying disease on immune cells and specifically macro-
phage activation. Using specific gold nanorod formula-
tions as a model system, our study suggests that the
prepolarization of hepatic macrophages induced by
specific nanoparticles, in our case peptide-functionalized

METHODS

Nanoparticle Synthesis, In Vivo Distribution, and Quantification.
AuNR were synthesized based on the seed-growth strategy,
and ligand exchange of CTAB against PEG was performed as
reported earlier.'®?® In addition, the tripeptides RGD and GLF
were attached to PEG-coated nanorods, and particles were
analyzed as demonstrated recently.?® The enlargement of gold
nanoparticles up to the microscale was performed by electro-
less deposition of gold nanorods in cryosections of organs using
the GoldEnhance LM Kit 2112 (Nanoprobes, New York, USA)
followed by eosin staining. Cells were prepared for transmission
electron microscopy as described earlier.'® ICP-MS was per-
formed to quantify the intracellular quantity of gold as done
before.?®

Mice. C57BL/6 wild-type mice were housed in a specific
pathogen-free environment. All experiments were done with
male animals at 8—12 weeks of age under ethical conditions
approved by the appropriate authorities according to German
legal requirements. The amount of gold injected intravenously
into mice was adapted from in vitro studies with human primary
cells (see Supporting Information section 9 for details).

Microcomputed Tomography. For in vivo imaging and quantifi-
cation of particle distribution non-invasive uCT was performed.
We used a gantry-based dual-energy microcomputed Tomo-
Scope 30s Duo (CT-Imaging, Erlangen, Germany). Mice were
anaesthetized using 1.5% isofluorane inhalation narcosis. For
the duration of the scan, mice were breathing spontaneously
via a mask. We performed a dual-energy scan at 41 and 65 kV
(0.5 and 1 mA), acquiring 2880 projections of size 1032 x 1024
over 6 min of continuous rotation. Images were reconstructed
using a Feldkamp type reconstruction (CT-Imaging, Erlangen,
Germany) that generates a voxel size of 70 x 70 x 70 um?. Sub-
sequently, images were analyzed using amide.>® Three different
regions of interest (ROI) for liver (3 x 3 x 3 mm?) as well as for
spleen and kidney (1.5 x 1.5 x 1.5 mm?>) were scanned using
identical settings for each organ, and the mean of the bright-
ness (Hounsfield units) within the ROl was evaluated per organ
for each mouse at days 1 and 6. Three-dimensional architecture
was visualized using 3D volume rendering software MeVisLab
(MeVis Medical Solutions AG, Bremen, Germany).

Induction of Acute or Chronic Liver Injury. To study the effects of
gold nanorods in liver injury models, nanorods were adjusted to the
desired dose in sodium chloride (NaCl) and administered intrave-
nously at 12 ug/kg body weight. After 40 h, ConA (Sigma-Aldrich, St.
Louis, MO, USA) was administered intravenously at 15 mg/kg, and 8
h later, mice were sacrificed. Control animals received sodium
chloride instead of nanoparticles. For chronic liver injury, mice were
injected twice weekly with 0.6 mL/kg body weight CCl, (Merck,
Darmstadt, Germany) intraperitoneally, dissolved in corn oil, for 6
weeks. Control animals received the same volume of vehicle (corn
oil). Mice were sacrificed 48 h after the last injection.

Liver Enzymes, Histology, and Immunohistochemistry. ALT was
determined at 37 °C in serum using the Modular Preanalytics
System (Roche, Penzberg, Germany). H&E and Sirius Red stain-
ings were conducted according to established protocols. Sirius
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particles, either toward so-called M1 or M2 polarized
macrophages, can significantly exacerbate liver injury
in acute hepatitis. The uCT data after 6 days further
suggest that AuNR may persist within the liver for
a long time period in vivo, and future studies
should outline their long-term fate especially regarding
interactions with immune cells. Further studies are
required to clarify to which extent these observations
on nanotoxicity apply to different particle classes. The
use of cell-targeting nanoparticles in novel nanomedicine-
based therapies, however, requires particular caution,
especially if liver diseases are concomitantly present.

Red stained pictures were analyzed by area fraction quantifica-
tion (ImageJ) in a blinded fashion.?

Isolation and Flow Cytometric Analysis of Blood and Intrahepatic
Leukocytes. Blood was gained from the right ventricle. Cell lysis
was done using Pharm Lyse (BD, Franklin Lakes, USA), and
remaining lysis buffer was removed by washing with Hank's
buffered salt solution containing 5 4M ethylenediaminetetraacetic
acid and 0.5% bovine serum albumin. Hepatic leukocytes were
isolated, and flow cytometry and intracellular flow cytometric
analysis were done as described before® For details on the
procedure, see Supporting Information section 10 (Figure S21).
Murine macrophages were isolated from minced and collagenase-
treated liver by magnetic bead separation using biotinylated anti-
F4/80 antibody and streptavidin-coated magnetobeads (Miltenyi
Biotech, Bergisch Gladbach, Germany). To isolate KC and iM®, cells
were stained using antibodies and sorting was performed using
a FACSAria Il cell sorter (BD, Franklin Lakes, USA) as reported
earlier.®®

Gene Expression Analysis. Liver pieces were snap-frozen in
liquid nitrogen, RNA was purified using the peqGold kit
(PEQLAB Biotechnologie GmbH, Erlangen, Germany), and com-
plementary DNA was generated from RNA using the First Strand
cDNA synthesis kit (Roche, Penzberg, Germany). Quantitative
real-time polymerase chain reaction was done based on SYBR
Green Reagent (Roche, Penzberg, Germany). Reactions were
done as triplicates, and f-actin was used to normalize gene
expression. Primer sequences are available upon request.

Hydroxyproline and Cytokine Measurements. The hepatic hydro-
xyproline content that reflects the portion of total collagen was
quantified as shown before.® Cytokine measurements of serum
and liver for CCL2, CXCL1, and IL6 were done using the
FlowCytomix system (eBioscience, San Diego, CA, USA).

Statistical Analysis. Statistical analysis was performed using
Graph Pad Prism 4.0 (LaJolla, California, USA). Unpaired t tests
were performed to test significance of differences between
experimental groups. P values below 0.05 were considered as
statistically significant.
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