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A B S T R A C T

Myeloid immune cells promote inflammation and fibrosis in chronic liver diseases. Drug delivery systems, such
as polymers, liposomes and microbubbles, efficiently target myeloid cells in healthy liver, but their targeting
properties in hepatic fibrosis remain elusive. We therefore studied the biodistribution of three intravenously
injected carrier material, i.e. 10 nm poly(N-(2-hydroxypropyl)methacrylamide) polymers, 100 nm PEGylated
liposomes and 2000 nm poly(butyl cyanoacrylate) microbubbles, in two fibrosis models in immunocompetent
mice. While whole-body imaging confirmed preferential hepatic uptake even after induction of liver fibrosis,
flow cytometry and immunofluorescence analysis revealed markedly decreased carrier uptake by liver macro-
phage subsets in fibrosis, particularly for microbubbles and polymers. Importantly, carrier uptake co-localized
with immune infiltrates in fibrotic livers, corroborating the intrinsic ability of the carriers to target myeloid cells
in areas of inflammation. Of the tested carrier systems liposomes had the highest uptake efficiency among
hepatic myeloid cells, but the lowest specificity for cellular subsets. Hepatic fibrosis affected carrier uptake in
liver and partially in spleen, but not in other tissues (blood, bone marrow, lung, kidney). In conclusion, while
drug carrier systems target distinct myeloid cell populations in diseased and healthy livers, hepatic fibrosis
profoundly affects their targeting efficiency, supporting the need to adapt nanomedicine-based approaches in
chronic liver disease.

1. Introduction

Liver fibrosis has become an increasing health-related issue [1]. One
of the main reasons is the dramatic increase of non-alcoholic fatty liver
disease, which has reached a worldwide prevalence of around 25% [2].
Hepatic fibrosis, i.e. scarring of the liver, is considered the main driver
of morbidity and mortality in non-alcoholic steatohepatitis and other
chronic liver diseases [3]. In contrast to this increasing need, no specific
therapy against the progression of liver fibrosis has been approved, but
many compounds are currently under clinical investigation [4].

In the past decade, an increasing number of preclinical studies has
investigated nanomedicine-based approaches in experimental models of

liver fibrosis [5]. Nanomedicine formulations principally allow for drug
targeting to specific cell types in the liver that drive the progression of
fibrosis. In most of these approaches, four different cell types have been
addressed as potential target populations (i.e., hepatic stellate cells,
hepatocytes, liver sinusoidal endothelial cells, and myeloid cells), and
targeting these various cell types by different strategies have demon-
strated beneficial effects on experimental fibrosis [6–11]. For instance,
PEGylated liposomes loaded with dexamethasone without specific tar-
geting moieties showed a preferential uptake in liver macrophages,
resulting in a reduction of fibrosis [6].

Among the different cells involved in hepatic fibrogenesis, myeloid
cells are particularly attractive targets, because these cells efficiently
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take up various carrier systems without additional specific targeting
molecules in healthy liver [12]. Myeloid cells consist mainly of Kupffer
cells as well as monocyte-derived macrophages (MoMF) and show a
high abundance in the liver (20–40 phagocytes per 100 hepatocytes)
[13]. Kupffer cells, the resident macrophage population in the liver, are
highly effective phagocytes clearing the blood from cellular debris,
pathogens and foreign material [14]. This uptake leads to the induction
of tolerogenic T cells under homeostatic conditions [15]. In liver dis-
eases, MoMF infiltrate the liver, release pro-inflammatory mediators
and promote the activation of collagen-producing myofibroblasts [16].
Due to their capability to transition between a pro- and anti-fibrotic
phenotype, liver macrophages are a promising target for nano- and
micrometer-sized drug delivery systems [14].

In this study, using two mouse models of liver fibrosis, we aim to
provide insight into the biodistribution and targeting efficiency/speci-
ficity of three established drug delivery systems: poly(N-(2-hydro-
xypropyl)methacrylamide) (pHPMA) polymers (average size ∼10 nm)
[17], PEGylated liposomes (100 nm) [6] and poly(butyl cyanoacrylate)-
based (PBCA) microbubbles (2 μm) [18]. These carrier materials differ
in various physicochemical properties, like size, surface charge and
composition. Upon intravenous injection of carrier systems, these car-
riers can bind to proteins in blood and this may alter the properties of
the carrier [19]. These protein corona can lead to masking of targeting
molecules, increased interaction with scavenging molecules or im-
munogenicity of the carrier. The formation of the corona is mainly
dependent on the surface charge and hydrophobicity of the carrier
molecule. For cellular uptake, carriers can interact either with cells in
the blood stream like blood leukocytes or Kupffer cells or cross the
endothelium and interact with interstitial cells [20]. The mechanism of
uptake of carrier molecules is dependent on the size, the surface charge
and receptor interaction with the target cell [21]. The complex inter-
action of drug carriers leads to a differential uptake by distinct myeloid
cells in homeostasis [12]. Due to various alterations in liver fibrosis,
related to structural (e.g., extracellular matrix), vascular (e.g., leaky
endothelial barrier and angiogenesis) or immunological changes (e.g.,
immune cell infiltration), we set out to examine whether this funda-
mental transformation affects the cellular biodistribution of typical
drug delivery systems. In addition, we examined whether liver fibrosis
affects targeting (to immune cell populations) in other organs, like
spleen, kidney and lung [22–24]. To study the biodistribution and cell-
specific targeting, we used multicolor flow cytometry to distinguish
myeloid and lymphoid cells, fluorescence microscopy to study carrier
localization in the diseased liver as well as micro-computed tomo-
graphy - fluorescence-mediated tomography (μCT-FMT) to relate these
findings to whole-body biodistribution and organ uptake [25,26]. To
allow for the integration of these techniques, we established two mouse
models of liver fibrosis in immunocompetent and hairless SKH1-e mice.

2. Results and discussion

To investigate the effect of liver fibrosis on particle distribution in
vivo, two different models of chronic liver injury were studied. The
repetitive injection (2×/week for 6 weeks) of carbon tetrachloride
(CCl4) i.p. results in a typical periportal fibrosis, while the dietary
challenge with a methionine and choline-deficient (MCD) diet for 8
weeks induces steatohepatitis with perisinusoidal fibrosis (Fig. 1). To
test the biodistribution in fibrotic animals, we i.v. injected three clini-
cally relevant nano- and microcarriers, namely pHPMA polymers
(10 nm), PEGylated liposomes (100 nm) and PBCA-based microbubbles
(2 μm). All carrier materials were labeled with a near-infrared fluor-
ophore for μCT-FMT and by a standard fluorescent dye for flow cyto-
metry and immunofluorescence, as previously established [12]. Optical
imaging is greatly facilitated in fur-free mice, which prompted us to
explore fibrosis development in SKH1-e mice. μCT-FMT was performed
15min, 1 h, 4 h and 24 h after carrier injection. In the same mice, flow
cytometry of single cell suspensions from liver, blood, spleen, bone

marrow, kidney and lung were analyzed 24 h after carrier material
injection. Immunofluorescence microscopy was performed on 5 μm
thick cryosections, using an antibody against CD11b.

2.1. Validation of fibrosis models in Fur-free SKH1-e mice

For both models of chronic liver damage, strain specific phenotype
differences were described [27]. We used a six-week CCl4 treatment
regimen with twice weekly i.p. injections so that bridging fibrosis
should be apparent. For the MCD model, we used eight weeks of diet,
which should lead to marked steatosis and fibrosis [28]. Both models
are usually accompanied by pronounced immune cell infiltrates.

In both models, SKH1-e mice showed chronic liver disease. After
treatment with CCl4, bridging fibrosis was visible by histology and
Sirius red staining (Fig. 2). In addition, there was a prominent in-
filtration of F4/80+ macrophages showing a periportal distribution.
After MCD diet, excessive steatosis and mild fibrosis were visible in
histology and Sirius red staining (Fig. 2). F4/80+ macrophages were
visible in perisinusoidal and pericentral regions, and some macrophages
contained lipid droplets. The net amount of hepatic fibrosis in fur-free
SKH1-e mice as well as the other histological and biochemical features
of liver injury were comparable to c57bl/6 mice, the standard model in
experimental liver fibrosis [29].

2.2. Drug carrier systems preferentially accumulate in the liver in
homeostasis and fibrosis

Optical imaging is a well-established method to monitor the carrier
biodistribution in vivo [26,30]. We imaged the carrier distribution
using μCT-FMT in SKH1-e mice [31] to assess the whole-body dis-
tribution of polymers, liposomes and microbubbles in control animals
as well as in CCl4–induced fibrosis. Whole-body imaging in mice under
MCD diet was not performed, because chlorophyll in the MCD-deficient
food can lead to increases in background signal, and changing the food
several days before imaging to chlorophyll-free food would lead to
decreased inflammation [25,32]. To compare the carrier biodistribution
after MCD treatment with the other two treatment conditions (control
and CCl4), we used ex vivo, post-mortem FMT of liver, spleen, kidney,
heart, skin, and lung in all three models.

For kinetic studies of carrier biodistribution, we segmented the
different organs based on μCT scans and determined carrier accumu-
lation based on the in vivo FMT signal (Fig. 3A). Circulation times were
assessed using the signal in the segmented cardiac region. The blood
half-life was comparable to our previous study, that means no change
was visible after the induction of fibrosis [12]. Thereby, we show that
carrier clearance is not impaired after induction of fibrosis, which is in
contrast to findings described for protein uptake with targeting moieties
and pathogens [33,34]. For all carriers and irrespective of the induction
of liver fibrosis, the liver was the organ with the highest uptake of all
three carriers. The uptake of liver accounted for up to 30–40% of the
injected dose after 24 h. Neither the amount of carrier uptake in the
liver nor the kinetics of carrier material uptake changed after induction
of liver fibrosis (Fig. 3B and C).

Among all segmented extrahepatic organs, the spleen was the only
one that showed a significant increase in carrier uptake for liposomes
and polymers (Fig. 3B). However, at the same time, splenomegaly was
visible after CCl4 treatment. Splenomegaly is a well-known feature of
human liver cirrhosis related to portal hypertension and has been
shown to develop as well in mice upon chronic liver damage [35].
Therefore, we corrected the intensity for the respective spleen volume
and found no differences in the volume-corrected splenic carrier uptake
between control and CCl4-treated animals for all carriers (Fig. 3B). We
thereby show that the phagocytic activity of the spleen is directly
proportional to the mean spleen size, which matches results in humans
[36] and matches the observation that splenomegaly leads to higher
phagocytic activity of splenic macrophages [37].
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Fig. 1. Study design. Liver fibrosis was induced in hairless mice by injection of carbon tetrachloride (CCl4) twice weekly for 6 weeks or feeding a methionine
choline-deficient (MCD) diet for 8 weeks. This led to fibrosis and immune cell infiltration in both models and liver steatosis in the MCD model, exemplary histology
shown. Mice subjected to these two models as well as healthy control mice were injected intravenously with fluorescently labeled polymers, liposomes or micro-
bubbles. Biodistribution of drug carrier systems was assessed by computed tomography-fluorescence mediated tomography (μCT-FMT), flow cytometry (fluorescence
activated cell sorting, FACS) of different organs as well as fluorescence microscopy.

Fig. 2. Validation of fibrosis models in hairless
mice. Fur-free SKH1-e mice were subjected to the
fibrosis models. Hematoxylin and eosin (H&E)
staining was used to assess liver histology, showing
patches of necrotic hepatocytes (darker) in CCl4- and
steatotic (white lipid droplets) in MCD diet-treated
mice. Sirius Red stains extracellular matrix proteins,
demonstrating bridging periportal fibrosis in CCl4-
and perisinusoidal fibrosis in MCD diet treated mice.
Immunohistochemistry (IHC) for the macrophage
marker F4/80 reveals periportal macrophage accu-
mulation in CCl4-treated mice and more scattered
macrophages in the MCD diet model. Representative
pictures shown. Scale bar 400 μm. (For interpretation
of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Comparing the two models of liver fibrosis on a whole-body level,
the liver was the prime target of all three prototypic drug carrier sys-
tems (Fig. 3C). In addition, using ex vivo FMT, we observed a decrease
in intensity after liposome injection in the lung and kidney in both fi-
brosis models, which was not detected by the in vivo μCT-FMT as-
sessment (Suppl. Fig. 1). This differing result might be attributed to the
fact that in vivo the organ uptake and the relative blood volume are not
distinguishable. In contrast, after sacrificing the mice a cardiac punc-
ture was performed leading to almost no blood in the organs. Therefore,
ex vivo measured fluorescence might better reflect the organ uptake
especially in organs with low carrier uptake, because the relative pro-
portion of the carrier in blood is higher in these organs. Collectively, on
a whole-body level, only minor differences were observed between
control mice and mice subjected to experimental fibrosis, with a clear
accumulation of all three carrier systems in the liver.

2.3. Liver macrophage subsets display a reduced uptake of microbubbles
and polymers in fibrosis

We observed an increased number of macrophages after induction

of liver fibrosis (Fig. 2), but only minor differences in carrier uptake in
fibrotic livers compared to healthy livers (Fig. 3). Therefore, we next
assessed which cellular subpopulations take up the different carrier
materials in homeostasis and liver fibrosis. We therefore characterized
carrier uptake by distinct hepatic cell populations, discriminating
granulocytes (CD11bhiLy-6Ghi), Kupffer cells (CD11bintF4/80hi), MoMF
(CD11bhiF4/80int) and monocytes (CD11bhiF4/80lo) as well as en-
dothelial cells (CD45loCD31hi) (Fig. 4A).

By flow cytometry, an increase in MoMF was detectable, while the
number of Kupffer cells decreased after the induction of liver fibrosis
(data not shown), in line with prior observations [28]. Assessing the
carrier-specific fluorescent intensity of the different cellular popula-
tions, e.g. MoMF (Fig. 4B), allowed a granular analysis of the targeting
efficiency for the different cell types and carrier systems. This analysis
revealed a decreased uptake of polymers and microbubbles by almost
all myeloid cells of the liver (Fig. 4C). This decrease was significant for
all cell types in the MCD model, whereas we noted in the CCl4 model no
significant decrease for microbubbles in granulocytes and for polymers
in Kupffer cells (Fig. 4C). The decrease was more pronounced in the
MCD model than in the CCl4 fibrosis model for all myeloid cell

Fig. 3. Whole-body biodistribution of drug carriers after induction of liver fibrosis. (A) FMT and μCT were recorded sequentially and fused for analysis. In the
upper line, μCT scans are shown overlaid with the organ segmentation. In the lower line, μCT scans 24 h after carrier injection are shown, overlaid with the FMT
signal of CCl4-treated mice. Microbubbles show a high uptake in liver and spleen. Liposomes show the highest signal in the liver. Polymers also show the highest
signal in the liver as well as some intestinal signal. (B) Imaging was performed 15min, 1, 4 and 24 h after particle injection, and the signal is shown for four of the
segmented organs (kidney, lung and bladder are shown in Suppl. Fig. 1). Signal is shown as percentage of the measured fluorescence in the body after 15min. Signal
after CCl4 administration is shown by solid lines, signal in untreated mice by dotted lines. There was no significant change in the liver and blood signal (segmented as
heart) after CCl4 administration. The signal was higher in spleens after induction of fibrosis. However, splenomegaly was visible after fibrosis induction. The lower
right plot shows the volume-normalized uptake of the various carriers and no difference between the two groups was detectable. (C) For MCD, CCl4 and healthy mice,
we performed ex vivo FMT at t= 24 h, which showed a similar pattern for the three groups with the various carriers. Heat map is shown in a logarithmic scale. Data
shown are derived from n=5 animals per condition.
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populations. For polymers, the most pronounced decrease in carrier
uptake was visible in hepatic granulocytes and monocytes, where al-
most no uptake was visible in mice with steatohepatitis. In contrast, we
detected no significant decrease in carrier uptake by endothelial cells,
but a very low uptake of microbubbles by endothelial cells in vivo
(Fig. 4C).

In contrast to microbubbles and polymers, liposomes had an overall
higher targeting efficiency for endothelial and myeloid cells, which
remained high even in fibrotic livers. After injection of liposomes, the
only significant decrease in carrier-positive cells was seen for MoMF in
CCl4 injected mice. In all cell types, there was a high uptake of lipo-
somes detectable with around 60% carrier positive cells in healthy liver
and after induction of liver fibrosis.

Thus, liver fibrosis profoundly changes the myeloid compartment in
the liver, with decreasing numbers of Kupffer cells and increasing
numbers of MoMF, which are accompanied by substantially lower tar-
geting efficacy of polymers and microbubbles. For liposomes, we did
not detect a decrease in the number of carrier-positive myeloid cells
after induction of liver fibrosis, and liposomal targeting efficiency was
high with a low specificity for the various cell populations.

2.4. Analysis of carrier biodistribution in extrahepatic organs and in
lymphoid cells

We found a decrease in the amount of carrier-positive granulocytes
in fibrotic livers. Because neutrophils have a short half-life even after
infiltration into diseased organs, we asked whether this decrease is
paralleled by a decrease in carrier uptake of neutrophils in blood. We
analyzed carrier uptake by myeloid cells in blood looking at granulo-
cytes (CD11bhiLy-6Ghi) as well as Ly-6Chi and Ly-6Clo monocytes
(CD11b+Ly-6GnegLy-6C+/-) (Fig. 5). Looking at the various carriers, no
significant differences were visible by means of administrating the

respective carrier after induction of liver fibrosis. Liposomes were
particularly efficient in labeling circulating myeloid cells. We found the
highest carrier uptake by Ly-6Clo monocytes, which are considered to
be more active phagocytes compared to Ly-6Chi monocytes [38].

In whole-body imaging (Fig. 3), we could show an overall increase
by splenic uptake of all three carriers, which could be attributed to the
increased spleen size after induction of the fibrosis, similar to human
splenomegaly in patients with cirrhosis [36]. In order to assess whether
this overall increased carrier uptake in spleen is accompanied by a shift
in the cellular biodistribution, we analyzed myeloid cells in the spleen
looking at granulocytes (CD11bhiLy-6Ghi), monocytes (CD11b+Ly-
6GloF4/80lo) and red pulp macrophages (CD11bloLy-6GloF4/80hi)
(Fig. 5). These cells account for the majority of phagocytes in the
spleen, while marginal zone macrophages and metallophilic macro-
phages represent additional specialized myeloid cells in the spleen
[39,40]. In contrast to all other analyzed cell populations, where a
decrease or stable uptake of the three carriers was visible after induc-
tion of fibrosis, there was an increase in microbubble positive splenic
monocytes detectable in the MCD model but not in the CCl4 model. In
addition, this tendency (not significant) was also visible after MCD diet
in the polymer group. This observation fits well to the systemic in-
flammation observed in steatohepatitis, where liver fibrosis is typically
linked to inflammatory responses in other compartments including
adipose tissue inflammation, blood vessels (atherosclerosis), intestine
and spleen [41]. For red pulp macrophages, there was a tendency to-
wards decreased uptake after induction of fibrosis (significant only for
polymer uptake by red pulp macrophages after MCD treatment and li-
posome uptake by granulocytes). Both of these cell types have divergent
functions. Red pulp macrophages are embryonically derived macro-
phages that phagocytose senescent erythrocytes and regulate iron
homeostasis [42], whereas splenic monocytes form a reservoir of ma-
ture monocytes that can exit the spleen in case of injury somewhere else

Fig. 4. Flow cytometric assessment of carrier
distribution in the liver. A) Flow cytometry of non-
parenchymal cells of the liver was performed 24 h
after carrier injection. Dead cells were excluded.
Leukocyte and liver endothelial cells were detected
using CD45 and CD31. Granulocytes were identified
using Ly-6G, monocytes, MoMF and Kupffer cells
were detected based on CD11b and F4/80 staining
(and negative staining for Ly-6G). B) Histograms of
carrier fluorescence intensity in MoMF. The plots are
area-normalized on the positive fraction. The
number of carrier-positive cells is shown. C)
Summary of carrier distribution (indicated as percent
positive cells in the subset) at 24 h after injection;
significance is shown between control and the two
models of liver fibrosis. Data are derived from two
independent experiments including 5 mice.
*P < 0.05.
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in the body [43], possibly contributing to the progression of liver fi-
brosis [35].

In the kidney, we distinguished between conventional and resident
dendritic cells (CD11blo/hiCD11chiLy-6Glo), granulocytes (CD11bhiLy-
6Ghi) and endothelial cells (CD31hiCD45lo). Uptake was very low for
microbubbles in the kidney compared to all other organs. In agreement
with our previous study on healthy animals, the relative uptake of li-
posomes was high in renal myeloid cells [12]. Comparing control to
fibrotic mice, the only significant change was visible in microbubble
uptake after MCD treatment for resident dendritic cells (1.8% vs. 5.4%).
These cells are phagocytically active, express F4/80 and have features
of macrophages and dendritic cells [44].

Furthermore, we analyzed the carrier uptake in bone marrow and
lung (Suppl. Fig. 2). In bone marrow, we distinguished between gran-
ulocytes (CD11bhiLy-6Ghi), Ly6Chi and Ly6Clo monocytes (CD11b+Ly-
6GloLy-6Chi/lo), dendritic cells (CD11chiMHC-II+) and macrophages
(CD11bintLy-6GloF4/80hi). While all bone marrow myeloid cells were
targeted by liposomes, only macrophages were targeted by

microbubbles and polymers in the bone marrow. After the induction of
fibrosis, no significant differences were visible for the analyzed cells in
bone marrow (Suppl. Fig. 2). In the lung, there are two major phagocyte
populations present, alveolar macrophages (defined as CD11chiF4/
80+CD11blo cells with a high autofluorescence) and interstitial mac-
rophages as well as monocytes (defined as CD11cloCD11b+F4/80+/−)
[45]. Specific gating strategies allowed a clear separation of the dif-
ferent myeloid cell populations, including monocytes (CD11b+F4/
80−Ly-6Glo) passaging the lung. We found no significant differences in
carrier uptake after induction of liver fibrosis. A high uptake was visible
in Ly-6C monocytes for all three carriers (Suppl. Fig. 2).

In parallel to the myeloid cell populations, we also analyzed the
major lymphoid cells (T and B cells) in all organs (Suppl. Fig. 3). In the
liver, lymphoid cells are practically not targeted by polymer or mi-
crobubbles at all, while liposomes label some conventional T and B
lymphocytes, yet at much lower numbers compared to myeloid cells
(Suppl. Fig. 3, compare to Fig. 4). A higher number of carrier positive
cells was only visible in B cells of bone marrow, spleen and blood after

Fig. 5. Flow cytometric assessment of carrier distribution in blood, spleen and kidney. The carrier distribution (indicated as percent positive cells in the subset)
was measured 24 h after injection in control mice and two models of liver fibrosis; significance is shown between control and liver fibrosis. The scaling of the y-axis is
adapted for the three carriers allowing comparison of the uptake in the three organs. Data are derived from two independent experiments including 5 mice.
*P < 0.05.

C. Ergen, et al. Biomaterials 206 (2019) 49–60

54



injection of liposomes. In the comparison of carrier-material uptake
between control mice and after induction of fibrosis, there was no
statistical difference detectable in all lymphoid cells studied.

2.5. Liposome uptake per cell is significantly reduced in liver macrophage
populations in hepatic fibrosis

Liposomes were very broadly detected after intravenous injection in
almost all myeloid cell populations and in all examined organs in
control and fibrotic mice. The analysis of fluorescence intensity by flow
cytometry allowed to quantify the amount of liposome uptake per cell
(Fig. 6 and Suppl. Fig. 4). This analysis could not be reliably performed
for microbubbles or polymers, due to their lower fluorescence intensity
per cell and lower relative uptake, which leads to a mean fluorescence
intensity (MFI) close to the background cellular autofluorescence [12].
We found a drastically decreased fluorescence intensity per cell in

Kupffer cells and MoMF after induction of liver fibrosis, indicating an
uptake of much fewer liposomes per cell in these two dominant hepatic
macrophage subsets (Fig. 6).

On the contrary, liposomal uptake per cell was much less affected in
the extrahepatic organs (Fig. 6 and Suppl. Fig. 4). In the spleen, the
uptake of liposome by red pulp macrophages decreased significantly
after induction of liver fibrosis, while carrier uptake by monocytes in-
creased. This is in parallel to past observations showing an increasing in
the phagocytic activity of splenic CD68 positive cells in humans with
liver fibrosis [37]. In kidney, blood, lung and bone marrow, minor
differences were detected between control and fibrotic mice, not
reaching statistical significance.

Fig. 6. Fluorescence intensity per cell after liposome injection. The carrier distribution (geometric mean of FITC of the respective cell type) was measured 24 h
after injection in control mice and two models of liver fibrosis; significance is shown between control and liver fibrosis. The scaling of the y-axis is the same for every
organ. Kidney is displayed with a split axis, because fluorescence in conventional dendritic cells (DC) is about ten times higher compared to every other cell type
examined. Data are derived from two independent experiments including 5 mice. *P < 0.05.
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2.6. Prototypic drug carrier systems target myeloid cells in inflammatory
infiltrates in fibrotic liver

After determining the cellular biodistribution of the various carrier
systems in different organs, we next assessed the localization of carrier-
positive cells in liver tissue. Hepatic macrophages exert different
function depending on their micromilieu. For instance, in fatty liver
disease, the fat overload in hepatocytes leads to cell death of hepato-
cytes, which activates macrophages and leads to lipid-laden macro-
phages [41]. After initial induction of hepatocyte damage, F4/80 po-
sitive lipid-laden macrophages form small clusters and express pro-
inflammatory and fibrogenic cytokines (TNF-α), but also several anti-
inflammatory mediators (Annexin A1, IL-10) [46]. During chronic CCl4
treatment, dense infiltrates of monocytes form in the periportal region
and exhibit an angiogenic and fibrogenic phenotype. These cells acti-
vate hepatic stellate cells, promoting extracellular matrix protein de-
position [16,47]. In addition, macrophages are able to change their
phenotype and produce metalloproteinases to actively resolve tissue
fibrosis [16]. Reaching macrophages in these dense infiltrates might
therefore be a promising strategy in the therapy of chronic liver disease.

We analyzed the uptake of carriers by myeloid cells using co-
staining for the myeloid marker CD11b, which marks neutrophils,
monocytes and MoMF, in fluorescence microscopy. Antibody staining
requires the fixation with methanol or acetone, which partially dis-
solves the fluorophore for liposomes and leads to a broader fluorophore

distribution compared to directly imaged liposomes (Suppl. Fig 5). As
expected, increasing numbers of CD11b+ cells were visible after in-
duction of fibrosis using CCl4 injections or MCD diet (Fig. 7). After CCl4
treatment, we observed autofluorescent cells in periportal regions,
highly indicative for necrotic hepatocytes. Around those areas, an in-
creased number of CD11b+ cells was visible, forming the expected
periportal infiltrates. After MCD diet, autofluorescent cells staining
positive for CD11b were visible, highly indicative of lipid-laden cells as
a typical feature of steatohepatitis.

After microbubble injection, we found some colocalization of
CD11b+ cells and microbubbles under steady state conditions (Fig. 7).
In accordance with prior reports [12], microbubbles showed a dis-
tribution that spares the pericentral region, which can be explained by
the fast and efficient sequestration of this carrier by Kupffer cells in the
sinusoids. In CCl4-induced hepatic fibrosis, there was a pronounced
periportal pattern visible showing increased carrier uptake in the re-
gions of tissue damage (autofluorescent areas). After treatment with
MCD diet, the preferential uptake in periportal regions was less visible,
and some microbubbles were visible close to the pericentral lipid-laden
cells. However, there was still a tendency towards a periportal dis-
tribution.

After liposome injection, there was a broad distribution of carrier-
positive cells visible under steady state (Suppl. Fig. 5) with a higher
number of liposome-positive cells around larger vessels. In CCl4-in-
duced hepatic fibrosis, almost the entire signal was visible in periportal

Fig. 7. Fluorescence microscopy of intrahepatic carrier distribution. Cryosectioning of snap-frozen liver tissue and staining with anti-CD11b was performed. The
carrier is visible in green. Nuclear signal by DAPI is visible in blue, CD11b-staining is visible in red (Alexa Fluor 648). The liposome signal is blurry due to fixation of
the tissue slices with methanol. After induction of liver fibrosis with CCl4 (middle column), autofluorescent cells were visible that have the size of hepatocytes, highly
suggestive of necrotic cells. In steatohepatitis after MCD treatment, autofluorescence was visible, indicating high fat content in pericentral areas. Fluorescent carriers
were visible in the areas with higher damage in liver fibrosis models. Microbubbles, liposomes and polymers show a periportal distribution in CCl4-induced liver
fibrosis and a pericentral distribution in MCD-induced steatohepatitis. Scale bar 400 μm. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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regions (Fig. 7). The weaker signal in pericentral regions was nearly
gone after induction of fibrosis. The fluorescent pattern resembles the
distribution of immune cell infiltrates. In contrast, in the MCD model,
there was a clear tendency towards a pericentral distribution of lipo-
some-positive cells, and liposomes were found inside the lipid-laden
macrophages showing that these cells are still phagocytic and actively
take up liposomes (Fig. 7).

After polymer injection, there was a broad distribution of carrier
positive cells in healthy liver. Colocalization with CD11b+ cells were
rarely seen. In CCl4-induced hepatic fibrosis, there was an increasing
colocalization with anti-CD11b (Fig. 7). In addition, almost no signal
was visible in pericentral regions. After induction of steatohepatitis by
MCD diet, almost no signal was visible in periportal regions and most of
the signal is visible in close neighborhood to the lipid-laden cells
(Fig. 7). These data demonstrate that polymers colocalize with areas of
tissue damage, indicating that drug delivery to these regions might be
possible by using this carrier.

Taken together, the spatial biodistribution of all carriers was clearly
influenced by the fibrosis model. The distribution of the carriers re-
sembles to a large extent the distribution of immune infiltrates in the
respective disease model. For microbubbles, this effect was found to be
the least pronounced, while this observation was the most pronounced
for liposomes. This differential accumulation of the carrier systems is in
good agreement with the flow cytometry data, supporting that micro-
bubbles are preferentially taken up by professional phagocytes, poly-
mers are also taken up by professional phagocytes but less efficiently
leading to a higher specificity of targeting inflamed regions, and lipo-
somes display a much broader distribution and lower cell subset spe-
cificity.

These pronounced differences in carrier biodistribution after in-
duction of liver fibrosis might be attributed to various factors. Even
though administration route and carrier composition were the same
after induction of fibrosis, described changes in albumin for the CCl4
model [48] and in parallel perhaps other proteins synthetized by the
liver, as e.g. complement, might change the opsonization of the carrier
before it enters the hepatic circulation and thereby influence the cel-
lular biodistribution. Liver sinusoidal endothelial cells lose fenestrae
upon induction of liver fibrosis [49], therefore enhanced permeability
and retention is not expected to increase carrier uptake in liver fibrosis.
Additionally, the main target cell in healthy conditions, Kupffer cells,
are intravascularly located, meaning that the reduced uptake by these
cells cannot be explained by changes in the endothelial layer. Excluding
these possibilities for the drastic change in carrier uptake, changes of
MoMF surface receptors or phagocytic potential might lead to a more
specific uptake by these cells. As has been demonstrated previously,
MoMF exhibit an increased amount of scavenger receptors in liver fi-
brosis [50], which could increase carrier uptake by these cells. The
observed reduced uptake per cell is likely caused by the increase of total
hepatic macrophages in liver fibrosis.

The decrease in carrier uptake by hepatic granulocytes might be
also attributed to the effect of increased number of macrophages in the
liver. Additionally, neutrophils in healthy liver form an intravascular
pool, which is not detectable anymore in liver fibrosis, where the ma-
jority of granulocytes is residing close to necrotic cells meaning that
granulocytes have less access to the carriers after induction of liver fi-
brosis, which might additionally explain the reduced carrier uptake
[51].

2.7. Implications of the findings for future applications of nanomedicine

By analyzing the biodistribution of various carriers in two chronic
liver disease models, we demonstrate that the induction of liver fibrosis
leads to a distinct change of carrier biodistribution and cellular accu-
mulation. While the liver was, independent of fibrosis, still the prime
target organ, some of the carriers (especially polymers and micro-
bubbles) lost part of their targeting properties for myeloid cells. Even

liposomes had a drastically lower accumulation per cell in key hepatic
macrophage populations in fibrosis. These finding are of great im-
portance when novel nanotherapeutic approaches are planned to be
used in patients with liver fibrosis, as dosing and/or targeting moieties
might require substantial adjustments in liver fibrosis. On the other
hand, all three carrier materials were capable of reaching myeloid cells
surrounding areas of liver damage, supporting the principal concept of
nanomedicine-based approaches to target macrophages in liver fibrosis
[52,53].

Of the three used carriers, liposomes were most efficiently labeling
these inflamed areas, but showed uptake by a broad range of myeloid
cells. However, we did not directly compare microbubbles or polymers
with the same size and zeta potential as liposomes, as the main focus of
our study was to enhance the understanding of the effects of liver fi-
brosis on the biodistribution of drug delivery systems that are typically
explored in preclinical and clinical studies. Based on our findings, li-
posomes could therefore be suited when drugs, such as dexamethasone,
should be simultaneously delivered to several immune cell types [6],
and/or when drug effect(s) are concentration-dependent. Microbubbles
also showed a broad distribution among phagocytic cells after induction
of fibrosis. Polymers showed an intermediate distribution, which could
be attributed to their inefficient uptake by various cells. Overall, using
drug delivery systems in the treatment of chronic liver disease might be
feasible and hepatic macrophages are a promising target for this ther-
apeutic approach. Due to the outlined complexity of interaction at the
interface of carrier materials and cells, we propose to test the targeting
properties of novel carrier molecules because prediction of cellular
biodistribution of a novel carrier molecule is not feasible.

3. Material and methods

3.1. Synthesis and characterization of carrier materials

Microbubbles were synthesized as described previously [18]. N-
Butyl cyanoacrylate monomers were titrated to a 1% (w/v) TritonX-100
solution at pH 2.5. The dye molecules Rhodamine-B and 1,1,3,3,3,3-
Hexamethylindotricarbocyanine (HITC) iodide. This mixture was
stirred at 10,000 rpm for 60min in an Ultra-turrax (IKA-Werke, Ger-
many), which leads to dye-loaded microbubbles with a mean diameter
of 2 μm and a shell of poly-Butyl cyanoacrylate. In depth analysis of the
PBCA microbubbles used in this study was performed in Ref. [54]. The
particle size was determined with a Multisizer 3 (Beckmann Coulter).
5 μL of MB suspension were diluted in 10mL ISOTON II (Beckmann
Coulter) at room temperature. The size distribution was 2000 nm ±
50 nm. Gel permeation chromatography after lyophilizing and dissol-
ving the microbubbles in chloroform was performed with a HPLC pump
(PU‐2080 plus, Jasco) equipped with a refractive index detector
(RI‐2031 plus, Jasco) and an evaporative light scattering detector
(PL‐ELS‐1000, Polymer Laboratories). A polydispersity index (PDI) of
2.1 ± 0.1 was measured.

Liposomes were synthesized as described in Ref. [6]. A post-inser-
tion method using 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000] (PEG(2000)-DSPE)- and
PEG(2000)-DSPE-NH2-based micelles was used for labeling these lipo-
some. NHS esters of Alexa Fluor 750 and Alexa Fluor 488 were cova-
lently linked. During the mixture PEG(2000)-DSPE-NH2 was present in
5-fold excess compared to both fluorophores. These micelles were
added to the liposomes and heated for 5min to 60 °C to form labeled
liposomes. Extrusion was used to yield a mean diameter of 100 nm. The
particle size was determined by dynamic light scattering with an
ALVCGS-3 system (Malvern Instruments, Worcestershire, United
Kingdom). The size of the Alexa-488 liposomes is: 119 ± 1.3 nm with a
PDI of 0.07 ± 0.01, while the size of the Alexa-750 liposomes is:
121 ± 1.2 nm with a PDI of 0.08 ± 0.02. The zeta potential of PE-
Gylated liposomes was 5.1 ± 1.4mV (measured with Zetasizer Nano Z
(Malvern Instruments Ltd., Worcs, UK).
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Polymer synthesis was performed as described in Ref. [26]. By ra-
dical copolymerization of (N-2-hydroxypropyl)methacrylamide
(HPMA, 85mol %) and 3-(N-methacryloylglycylglycyl) thiazolidine-2-
thione (Ma-GG-TT, 15mol %) in dimethyl sulfoxide (DMSO) at 50 °C for
6 h random copolymer precursors were synthesized. Poly(HPMA-co-Ma-
GG-TT) was dissolved in methanol and N,N-Diisopropylethylamine,
together with the fluorophores ATTO 488-NH2 and Dy750-NH2. The
polymer was aminolyzed with 1-aminopropan-2-ol after 30 min, fol-
lowed by precipitation using diethylether and centrifugation. Purifica-
tion was performed by gel filtration on Sephadex G-25 in water (PD 10
column; Pharmacia). The molecular weight of the polymer was 67 kDa,
its PDI was 1.7, and the content of both dyes was 2.5 wt%.

3.2. Mice

SKH1-e mice were housed in a specific-pathogen-free environment
at the Animal Facility of the University Hospital Aachen. Mice were
kept under ethical conditions approved by the appropriate authorities
according to German legal requirements (State Agency for Nature,
Environment and Consumer Protection in North-Rhine Westphalia,
LANUV NRW). Toxicity of the carriers was ruled out using standard
assays [6,26,55]. All carriers were injected through a tail-vein catheter
at a dose of 2 nmol fluorophore dissolved in 100 μl NaCl. For the MCD
diet model, male mice at an age of 7–8 weeks were kept for 8 weeks on
a methionine and choline-deficient diet. For the CCl4 model, mice of
mixed gender were injected intraperitoneally with 0.6 ml/kg body
weight of CCl4 (Merck KGaA, Darmstadt, Germany), solved in corn oil,
twice-weekly for 6 weeks. Three days before the start of the drug de-
livery experiment, the diet was changed to chlorophyll-free food (ssniff
Spezialdiäten GmbH, Germany), to reduce background fluorescence in
the FMT analyses. Mice were euthanized 24 h after the last CCl4 in-
jection.

3.3. Fluorescence-mediated tomography (FMT) and micro-computed
tomography (μCT)

Optical whole-body imaging was performed before injection of the
carriers as well as 15min, 4, and 24 h after carrier injection.
Fluorescence emission was measured by an FMT-scanner measuring
fluorescence emission (FMT2500 LX, PerkinElmer). During imaging,
mice were anesthetized using isoflurane (2% v/v) and placed into a
custom-made mouse bed for the μCT and FMT scans [25]. For at-
tenuation correction, a μCT was recorded for every time point (Tomo-
scope Duo, CT-Imaging GmbH, Germany) [56]. Fluorescence was
quantified using the Imalytics Preclinical software [57]. The combina-
tion of FMT with attenuation correction yields comparable quantifica-
tion as PET-MRI [58]. The total fluorescence intensity was evaluated by
normalization to the total fluorescence intensity in the whole mouse
15min after injection. Ex vivo analysis was done after excision of the
different organs. Organs were measured in the same setup and data
analysis was done with Imalytics Preclinical (Gremse-IT GmbH, Ger-
many). Total fluorescence intensity of the organs is displayed and for
spleen the total volume of the segmented spleen was used as a mea-
surement of spleen size.

3.4. Flow cytometric analysis

Flow cytometric analysis of tissue leukocytes was performed as
described earlier [12].

Femurs were obtained and perfused to yield bone marrow cells and
heart puncture was performed directly post mortem to yield blood cells.
The parenchymal organs were digested with collagenase type-IV
(Worthington) at 37 °C. Filtering was done on 70 μm cell strainers (BD
Bioscience) to yield single cell suspensions, and parenchymal cells were
removed using sedimentation for 45min at 4 °C followed by cen-
trifugation for 5min at 4 °C and 1500 rpm. Erythrocyte lysis was done

by Pharmlyse (BD Bioscience) and washed with PBS afterwards.
Fluorochrome-conjugated antibodies solved in Hank's balanced salt
solution (HBSS) containing 0.1mM EDTA, 2% bovine serum albumin
(BSA) and unconjugated anti-CD16/32 (Fc block, BD) were added to the
cell suspension. After 30min unbound antibody was washed with
HBSS. 7-AAD was added for life/dead discrimination directly before
measuring the cells. Staining was performed using the following
monoclonal antibodies: Gr-1, CD11b, CD4, CD45, Ly-6G, CD11c (BD
Bioscience), CD8a, F4/80 (BD Biosciences), CD8 (Biolegends), I-Ab,
CD3, CD19, CD31 and F4/80 (eBioscience). Suspensions were measured
on a FACS Fortessa (BD Bioscience) and data was analyzed with FlowJo
(TreeStar). Flow cytometric data are given as the number of carrier-
positive cells of the respective cell type. Microbubbles were excited by a
561 nm yellow-green laser and recorded with a 582/15 nm filter,
polymers and liposomes were excited by a 488 nm blue laser and re-
corded with a 530/30 nm filter. Carrier-positive and negative cells
segregated clearly in all groups.

3.5. Immunohistochemistry and immunofluorescent staining

Conventional hematoxylin and eosin (H&E) and Sirius red stainings
were performed according to standard protocols [47]. For im-
munostaining of F4/80, paraffin slides were pre-treated as for H&E
staining (deparaffinization and rehydration), and afterwards the
staining was performed according to standard protocols [28]. For im-
munofluorescent imaging, TissueTek O.C.T. (Sakura Finetek Europe,
The Netherlands) embedded and snap-frozen liver tissue was cut into
12 μm thick slices and were left to air-dry and fixed in 3% PFA in PBS
for 5min. Rehydration was performed in PBS containing 0.02% so-
diumazide three times for 3min followed by blocking with 1% BSA in
PBS for 5min at RT. Liver sections were stained with directly con-
jugated rat anti-mouse CD11b (1:100, BD, Germany) in PBS containing
1% BSA in a moist chamber overnight. Samples were washed three
times for 3min with PBS/sodiumazide and mounted using mounting
medium (Vector laboratories, USA) with DAPI to counterstain cell nu-
clei. All images were recorded on an Axio Imager M2 (Zeiss, Germany).

3.6. Statistical analysis

Statistical data analysis was performed using Prism software
(Version 6, GraphPad Software Inc., La Jolla, CA), and data are ex-
pressed as mean ± standard error of the mean. Differences between
groups were assessed by means of a two-tailed unpaired Student t-test.
P-values were corrected according to Bonferroni-correction, when
multiple tests were performed.
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