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Abstract

The cellular fate of nanoparticles in the liver is not fully understood. Because the effectiveness and
safety of nanoparticles in liver therapy depends on targeting nanoparticles to the right cell
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populations, this study aimed to determine a relative distribution of PLGA-nanoparticles (sizes
271+1.4 nm) among liver cells /n vivo. We found that Kupffer cells were the major cells that took
up nanoparticles, followed by liver sinusoidal endothelial cells and hepatic stellate cells.
Nanoparticles were found in only 7% of hepatocytes. Depletion of Kupffer cells by clodronate
liposomes increased nanoparticle retention in liver sinusoidal endothelial cells and hepatic stellate
cells, but not in hepatocytes. It is importantly suggested that studies of drug-loaded nanoparticle
delivery to the liver have to demonstrate not only uptake of nanoparticles by the target cell type but
also non-uptake by other cell types to assess their effect as well as ensure their safety.

Graphical abstract

Summary of nanoparticle uptake in the liver. A hierarchy of nanoparticle (NP) uptake is seen
among liver cells, which is characterized by dominance of Kupffer cells, followed by liver
sinusoidal endothelial cells (LSECSs), hepatic stellate cells (HSCs), and limited access to

hepatocytes.
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Introduction

Nanomedicine, the medical application of nanomaterials such as nanoparticles (NPs), is
rapidly developing and being applied for the treatment of a wide range of diseases "~ . NPs
are small objects with their sizes of 1-500 nm, made of various materials, providing a wide
range of potential applications for drug delivery, diagnostics and gene targeting 4 NP-based
drug delivery has emerged as a new and alternative therapeutic strategy that is particularly
suited for treatment of liver disease °. To date, several clinical — as well as experimental
studies have used NP delivery systems to treat liver fibrosis 9‘15, hepatocellular carcinoma >
and viral hepatitis % The high focus on treatment of liver disease is due primarily to the
empirical finding that administered NPs accumulate at higher levels in the liver than other
tissues. However, little is known about the cellular fate of NPs in the liver. Because the
effectiveness and safety of NPs in liver therapy depends on targeting NPs to the right cell
populations, information on the relative NP uptake by each liver cell type will be essential.
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The liver consists of parenchymal cells (hepatocytes and cholangiocytes) and non-
parenchymal cells that include Kupffer cells (liver resident macrophages), liver sinusoidal
endothelial cells (LSECs) and hepatic stellate cells (HSCs) 17,18 The sinusoids are lined by
LSECs on which Kupffer cells spread, making Kupffer cells the first defense and LSECs the
second defense against substances coming to the liver. Some studies report that Kupffer cells
take up a substantial portion of NPs that arrive in the liver 1, 20, but the relative distribution
of NPs in Kupffer cells versus other liver cells has never been determined. The phagocytic
property of Kupffer cells may provide an attractive opportunity for efficient NP delivery to
Kupffer cells 19‘21, but may block NP delivery to other liver cells. Further, LSECs overlay
the space of Disse, which is filled with extracellular matrix proteins and HSCs and under
which hepatocytes reside. These multiple layers of liver cells may make cell-specific drug
delivery challenging, particularly if hepatocytes are the target cells.

This study aimed to determine a relative distribution of NPs among liver cells /n vivo. Since
Kupffer cells were thought to retain a large portion of NPs, we also tested a hypothesis that
removing Kupffer cells can change the relative accumulation of NPs in other liver cells. We
generated fluorescently-labeled NPs by encapsulating DiD dye within polymer NPs, and
injected these NPs into mice to allow tracking of NPs in each liver cell type.

Fabrication of nanoparticles

Animals

Poly (D,L-lactide-co-glycolide) with terminal ester groups (PLGA, 50:50 monomer ratio,

0.55-0.75 dL/g inherent viscosity) was purchased from Durect Corporation (Pelham, AL).
1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindodicarbocyanine,4 Chlorobenzenesulfonate Salt

(DiD) dye was purchased from Invitrogen (Carlsbad, CA).

DiD-loaded PLGA nanoparticles were fabricated using a single emulsion solvent
evaporation method. Briefly, 0.2mg DiD and 100mg PLGA were dissolved in 2mL
dichloromethane (DCM). This polymer solution was added dropwise to 4mL of 5%
polyvinyl alcohol (PVA) and sonicated to form the emulsion. This emulsion was poured into
a beaker containing aqueous 0.3% PVA and stirred for 3 hours to allow the DCM to
evaporate and the particles to harden. After their formation in 5% PVA, the NPs still contain
small amounts of solvent (DCM), which are “soft” and easy to aggregate. When the newly
formed NPs in 5% PVA are added into a large quantity of water, the 5% PVA will be diluted
to very low concentration at the beginning, which is not high enough to stabilize the
emulsion of “soft” NPs. The additional 0.3% PVA stabilizes the NPs during the hardening
process. NPs were collected by centrifugation, washed, frozen and lyophilized for 3 days.

Male C57BL/6 mice about 2 months of age and 25g of weight were used. All animal
experiments were performed in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, and approved by the Institutional Animal Care and
Use Committees of Yale University and the Veterans Affairs Connecticut Healthcare
System.
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Nanoparticle administration and Kupffer cell depletion

Mice were anesthetized with ketamine (100mg/kg) and xylazine (10mg/kg), followed by
abdominal incision. To assure the comparable amount of NPs to be delivered to the liver,
NPs were gently injected into the spleen at a dose of 3mg/20g body weight in 0.2ml saline.
Given its vicinity to the liver, injection into the spleen was thought to minimize the
differences in the amount of NPs to be delivered to the liver. Mice were sacrificed for
collection of liver tissues at indicated time points (40 minutes, 1 day, 1 and 2 weeks). To
determine if the pattern of NP distribution differs, depending on the routes of their
administration, tail vein injection of NPs were also performed at a dose of 1mg/20g body
weight in 0.15ml saline. To determine if depletion of Kupffer cells influences NP
distribution in the liver, clodronate liposomes (ClodronateLiposomes.org, Netherlands) were
injected intraperitoneally at a dose of 0.1ml/10g body weight 2 days before NP injection.

Immunofluorescence observation of NP distribution in liver tissues

Liver tissues were isolated from mice at different time points after NP injection. Isolated
liver tissues were fixed in 4% paraformaldehyde at 4°C for 2 days and then incubated in
30% sucrose overnight. Finally, tissues were embedded in OCT compound (Sakura FineTek,
Torrance, CA), frozen on dry ice and sectioned with 5um of thickness. Sections were
immunostained with primary antibodies of rat anti-CD68 (Serotec, Kidlington, UK), mouse
anti-Ve-cadherin (Santa Cruz Biotechnology, Santa Cruz, CA) and rabbit anti-desmin (Cell
Signaling Technology, Danvers, MA) at 4°C for overnight. Sections were then incubated
with the following secondary antibodies: Alexa Fluor® 488 goat anti-rat 1gG, Alexa Fluor®
488 goat anti-rabbit IgG, and Alexa Fluor® 488 goat anti-mouse IgG (Life Technologies,
Grand Island, NY) for 1 hour at room temperature. For nuclear staining, DAPI (4/,6-
diamidino-2-phenylindole) was used. Representative photomicrographs were taken by Zeiss
Axiovert 200 fluorescence microscope (Carl Zeiss Microlmaging, Thornwood, NY) and
confocal microscope (Carl Zeiss). The number of NP positive cells was counted at 200x
magnification. For assessment of a cellular distribution of NPs, the number of specific cell
types co-localized with NPs was divided by the total number of NP positive cells per field.
For example, Kupffer cells positive with NPs (CD68* NP* cells) were divided by a total
number of NP* cells per field.

Liver perfusion and isolation of nonparenchymal cells (NPCs) and hepatocytes

The liver was perfused and digested by the collagenase perfusion method described
previously 2 Briefly, after liver digestion, hepatoctyes and NPC fractions were separated by
centrifugation. Then, hepatocytes or NPCs were plated on collagen coated plates or cover
slips with hepatocyte adherence media or RPMI media containing 10% FBS for 20 hours.
The plated cells were used for immunofluorescence analysis.

Immunofluorescence analysis of NP uptake in isolated NPCs and hepatocytes

Plated cells were incubated with 4% paraformaldehyde for 10 minutes. After blocked with
5% donkey serum, fixed cells were incubated with the following antibodies for 2 hours at
room temperature: rat anti-CD68 (Serotec, Kidlington, UK), rabbit anti-eNOS (Novus
Biologicals, Littleton, CO) and rabbit anti-desmin (Cell Signaling Technology, Danvers,
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MA). Then, NPCs were incubated with the following secondary antibodies: Alexa Fluor®
488 goat anti-rat IgG and Alexa Fluor® 488 goat anti-rabbit 1gG (Life Technologies, Grand
Island, NYY) for 1 hour at room temperature and stained with DAPI for visualization of
nuclei. Hepatocytes were detected using their autofluorescence at 488 filter. Representative
photomicrographs were taken by Zeiss Axiovert 200 fluorescence microscope (Carl Zeiss
Microlmaging, Thornwood, NY) and STED super-resolution Leica microsystem (Leica,
TCS SP8 3XSTED).

Flow cytometry of isolated NPCs and hepatocytes

NPCs isolated after liver perfusion were stained with rat anti-CD68, rat anti-CD31, rabbit
anti-eNOS and rabbit anti-desmin. For intracellular staining, isolated NPCs were fixed in 4%
paraformaldehyde for 20 minutes and permeabilized in 0.1% Triton X-100 solution for 15
minutes at room temperature. For blocking, NPCs were incubated with anti-CD16/32 Fc
blocker (BD Biosciences, San Jose, CA) for 30 minutes and incubated with primary
antibodies for 30 minutes at room temperature. After brief washing with 2% FBS, cells were
incubated in secondary antibodies including Alexa Fluor® 488 goat anti-rat IgG and Alexa
Fluor® 488 goat anti-rabbit 1gG (Life Technologies, Grand Island, NY) for 30 minutes at
room temperature. To exclude apoptotic cells, cells were incubated with diluted (1:2000)
propidium iodide for 10 minutes. Hepatocytes were detected using their autofluorescence at
488 filter. Flow cytometry was performed using BD™ LSR 11 Green Flow Cytometer (BD
Biosciences, San Jose, CA) and BD FACSDiva software (BD Biosciences, San Jose, CA).

Statistical analysis

Results

Data were reported as mean * standard error of mean (SEM). One-way analysis of variance
(ANQOWVA) or Student’s t-test was performed to determine statistical significance among
multiple groups. P values < 0.05 were considered statistically significant.

Nanoparticles (NPs) were largely retained in CD68-positive Kupffer cells in the normal liver

We used DiD-loaded NPs to visualize their distribution. DiD is a fluorescent dye with an
excitation/emission range = 644/665, which avoids overlap with endogenous tissue
autofluorescence. Nanoparticle size was determined by dynamic light scattering (DLS) using
a ZetaPals (—potential and particle size analyzer (Brookhaven Instruments, Holtsville, NY).
The average hydrodynamic diameter (Z-Ave) of DiD-loaded nanoparticles was 271+1.4 nm,
with a polydispersity index (PDI) of 0.126. The zeta potential was —28.3+4.66 mV.
Nanoparticle morphology was visualized using a XL-30 ESEM-FEG scanning electron
microscope (Figure 1A): average particle size by electron microscopy was 150-200 nm.

Forty minutes after NP injection to mice, livers were harvested and hepatic NP distribution
was examined. NPs were localized in the sinusoidal area, rather than in hepatocytes (Figure
1B). Immunofluorescent analysis with a macrophage marker CD68 revealed that NPs were
largely retained in CD68" Kupffer cells (Figures. 1C & D) and some in other liver cells
(white arrows in Figure 1D).
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The pattern of NP distribution was similar between splenic injection and tail vein injection,
both showing a strong co-localization of NPs with CD68* Kupffer cells (Supplemental
Figure 1). The results presented here came from splenic injection to minimize the
differences in the amount of NPs to be delivered to the liver.

NPs were taken up primarily by Kupffer cells, followed by LSECs and HSCs

To determine relative NP uptake by major liver cells, such as hepatocytes, HSCs, LSECs,
and Kupffer cells, we first determined the portion of each cell among the entire liver cell
population (Figure 2A). Parenchymal cells were reported to account for approximately 60%
of the total liver cells with 57% being hepatocytes and 3% being cholangiocytes 23
Therefore, the remaining 40% are non-parenchymal cells. We performed flow cytometry
analysis of non-parenchymal cells isolated from mice and found the ratios of Kupffer cells,
LSECs and HSCs to the total non-parenchymal cells (Supplemental Figure 2, 37.2%, 58.1%
and 4.5%, respectively). Based on these results, we determined a composition of liver cells,
which includes 57% of hepatocytes, 3% of cholangiocytes, 15% of Kupffer cells, 23.2% of
LSECs and 1.8% of HSCs (Figure 2A).

We examined NP uptake by non-parenchymal cells and hepatocytes with
immunofluorescence, isolating cells from mice injected with NPs (Figure 2B). NPs were co-
localized with all cell types examined, but to varying degrees. The highest concentration was
observed in Kupffer cells, followed by LSECs and HSCs, as indicated by intensity of co-
localization of NPs with their respective cell markers. NP-positive hepatocytes were rare.
Flow cytometry showed that 98% of Kupffer cells, 89% of LSECs, 56% of HSCs, and only
7% of hepatocytes were NP-positive (cholangiocytes were not examined) (Figure 2C). With
these numbers and the composition of liver cells determined in Figure 2A, the ratios of NP-
positive Kupffer cells (15%), LSECs (20%), HSCs (1%) and hepatocytes (4%) among the
entire population of liver cells were calculated (Figure 2D). For example, since Kupffer cells
account for 15% of the entire liver cell population, 98% of NP-positive Kupffer cells
correspond to 15% (15% x 0.98 = 15%) of the entire liver population. Approximately 40%
of liver cells were NP-positive while 60% did not retain NPs.

Flow cytometry detects NP-positive cells regardless of the concentration of NPs in cells,
which gave LSECs the highest number of NP-positive cells. However, NPs were most
concentrated in Kupffer cells as shown in Figures. 1 and 2B, indicating that NPs are largely
in Kupffer cells in vivo.

NPs were retained in CD68-negative cells after the depletion of Kupffer cells by clodronate

liposomes

NP delivery was examined after the depletion of Kupffer cells by clodronate liposomes
(Figure 3). Two days after injection of clodronate liposomes, we injected NPs to mice and
monitored NP distribution and Kupffer cell replenishment at indicated time points (Figure
3A). Clodronate liposomes depleted Kupffer cells within 2 days. In animals depleted of
Kupffer cells, NPs were retained in CD68-negative cells as early as 40 minutes after NP
injection (Figures. 3B & C). NPs stayed in CD68-negative cells for over 2 weeks after NP
administration, while Kupffer cells were completely restored to the basal level in 2 weeks
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(Figure 3C). These observations suggest that manipulation (e.g., depletion) of Kupffer cells
could be a strategy to deliver NPs to non-Kupffer cells.

Kupffer cell depletion resulted in increased NP retention in LSECs

We then determined which liver cells took up NPs in the absence of Kupffer cells. Two days
after injection of clodronate liposomes, NPs were injected, followed by isolation of liver
cells on the next day. Immunofluorescent analysis confirmed that there were no NP-positive
Kupffer cells (Figure 4A, leftmost image) and showed that Kupffer cell depletion resulted in
increased retention of NPs in LSECs and HSCs, but no notable increases in hepatocytes,
compared to their respective counterparts in the presence of Kupffer cells (Figures. 4A & B).
Further, cellular location of NPs was determined in LSECs using Leica TCS SP8 STED 3X
super-resolution microscope, which demonstrated the localization of NPs to the cytoplasm
and around the nucleus (Figure 4B).

NP-positive cells were quantified in the absence of Kupffer cells using flow cytometry
(Figure 4C), using methods similar to those used earlier (Figure 2C). Although NPs were
mostly retained in LSECs as indicated by fluorescent intensity in LSECs (Figure 4B), the
ratio of NP-positive LSECs (83%) was similar to that observed in the presence of Kupffer
cells (Figure 4C, left panel). NP-positive HSCs increased to 92%, but the degree of retention
evaluated by immunofluorescence was similar to that observed in the presence of Kupffer
cells (Figure 4C, middle panel). Kupffer cell depletion did not change NP-positive
hepatocyte counts (Figure 4C, right panel).

The ratios of NP-positive cells to the entire liver cell population were estimated, as before
(Figure 4D). While 40% of the entire liver cell population was NP-positive in the presence
of Kupffer cells (Figure 2D), Kupffer cell depletion decreased NP-positive cells to 29%
(Figure 4D). The percentages of NP-positive LSECs, HSCs and hepatocytes in the entire
liver population were pretty similar to those in the presence of Kupffer cells. However, it is
significant that the retention of NPs in LSECs increased by more than 8 times (Figure 4B).

Immunofluorescent analysis of liver sections also confirmed the dominance of LSECs in NP
retention in the absence of Kupffer cells (Figure 5). Although flow cytometry found that 4%
of NP-positive cells were hepatocytes (Figure 4D), immunofluorescent analysis of liver
sections did not detect NPs in hepatocytes (Figures 1A & 5) as evaluated by the liver
structure using phase contrast microscopy (Figure 1A). This may be attributable to higher
sensitivity of flow cytometry than immunofluorescence analysis. Depletion of Kupffer cells
resulted in NP retention in LSECs by 89% and 78% of the total NP-positive cells 40 minutes
and 1 week after NP injection, respectively; of the cells that have NPs, 10 or 9% of them are
HSCs (Figures 5B & C). All these observations indicate that LSECs become the major NP-
engulfing cells when Kupffer cells are absent.

Discussion

Nanoparticles are a promising tool for drug delivery because of their potential to deliver
drugs to specific cell populations 128 NPs may also be useful experimentally with siRNA
or CRISPR/Cas-9 system to suppress or delete target genes in a cell-specific manner 26. This
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study has determined a cellular distribution of PLGA-NPs (sizes 271+1.4 nm) in mouse liver
when they were administered /n vivo for the first time. Kupffer cells were found to be the
primary cells that took up NPs, followed by LSECs and HSCs (Figure 6). NPs were found in
only 7% of hepatocytes. Depletion of Kupffer cells by clodronate liposomes increased NP
retention in LSECs and HSCs. Interestingly, with Kupffer cell depletion, 6% of hepatocytes
were associated with NPs, similar to the fraction associated in the presence of Kupffer cells.
These findings suggest a hierarchy of NP uptake among liver cells, which is characterized by
dominance of Kupffer cells, likely due to their prominent phagocytic nature and cellular
location, and limited access to hepatocytes (Figure 6). In the absence of Kupffer cells, this
hierarchy makes LSECs the primary intaker of NPs, followed by HSCs. In fact, without
Kupffer cells, the percentage of HSCs containing NPs increased from 56% to 92%, which
would explain no changes in the percentage of hepatocytes containing NPs. In terms of liver
physiology, this finding may reflect the multi-cellular barrier presented by non-parenchymal
cells for protection of hepatocytes.

It has been thought that Kupffer cells take up NPs delivered to the liver. However, the
relative ratio of NPs that accumulate in Kupffer cells compared to other liver cells has not
been documented before. Recently, liposome-NPs encapsulated with procollagen al siRNA
were shown to resolve liver fibrosis 27. That study also reported a higher uptake of liposome-
NPs by Kupffer cells than by the HSCs that were the desired target. Interestingly, LSEC
uptake of liposome-NPs was not reported, which may be due to limitations in their detection
method using histological analyses with immuno-labeling of cell markers. Because LSECs
are located in a very close vicinity to HSCs, it is not easy to distinguish them histologically.
Also, a marker for LSECs is often difficult to choose. Nonetheless, this previous study
agrees with our results, in showing that the primary cellular destination of NPs is Kupffer
cells, although other liver cells can also take up NPs. The current study thus suggests that an
important consideration in NP delivery to the liver is examination of drug-loaded NPs to a
particular liver cell type and that studies have to demonstrate not only uptake of NPs by the
target cell type but also non-uptake by other cell types and prove that an anticipated effect is
due to their specific delivery to the target cell type. Otherwise, the anticipated effect could be
attained by NPs that may be delivered to other cell types. This is particularly important from
a therapeutic point of view since off-target delivery of drugs could cause unknown effects.
Therefore, NP delivery has to enhance its specificity.

Although drugs may diffuse out of NPs and cells and into the whole liver, the cellular fate of
NPs is obviously still important, as the duration of action, effectiveness, and side-effects of
NP-based delivery all potentially depend on the cellular localization of NPs. For example, if
drug-loaded NPs are sequestered predominantly in Kupffer cells, these cells will be exposed
to much higher levels of drugs and are therefore more affected by them than other cells in
the liver that will experience lower levels of drugs, which can affect drug action. Given the
same requirement of cell-specificity, we also believe that our results are relevant to other
modes of NP application such as gene delivery and diagnostics.

The primary uptake of NPs by Kupffer cells may make Kupffer cells themselves the most
convenient target for NP delivery in the liver. Kupffer cells are involved in the inflammatory
process and could be an effective therapeutic target for liver disease. Further, increased

Nanomedicine. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

Page 9

retention of NPs in LSECs and HSCs secondary to depletion of Kupffer cells by clodronate
liposomes may suggest a possibility of selective delivery of NPs to these cell types
experimentally, although further enhancement in specificity to either cell type is needed. For
therapeutic purposes, however, it seems essential to develop a strategy that allows NPs to
escape from Kupffer cells since depletion of Kupffer cells is not possible in clinical settings.
Our results suggest that specific delivery to hepatocytes will be even more difficult than
LSEC or HSC specific delivery. For example, we found no changes in the number of
hepatocytes that took up NPs with the depletion of Kupffer cells. Given that hepatocytes are
the primary liver cells and involved in many liver diseases including metabolic disorders and
hepatocellular carcinoma, it is very important to develop a strategy to deliver NPs
specifically to hepatocytes.

Modification of NP surface with high affinity ligands that bind to cell-specific receptors is
the most often used strategy to enhance targeting of NPs to specific cell types > For
example, vitamin A coating of liposomes or NPs has been used for specific delivery to
Hscs 2.2, However, since these studies did not show distributions of these carriers in other
liver cells in vivo, the effectiveness of vitamin A coating to target HSCs is still uncertain. It

. .. 30

is also reported that hepatocytes take up vitamin A ™.

The size of NPs may also help to enhance their specific delivery. Our NPs are similar in size
to most current preparations, with the average diameter of 271+1.4 nm in water (150-200
nm by electron microscopy). A protein corona may form on these NPs. However, we believe
that its formation would not add substantially to the overall particle diameter since it would
predominantly be a monolayer of protein attached to the outer surface of the NP and the
typical dimension of a protein such as albumin or gamma-globulin is less than 10 nm. In
mice, the size of fenestrae in LSECs is estimated to be 280 nm 3 Therefore, our NPs have
passed through fenestrae. Thus, larger NPs (more than 280 nm in diameter) might achieve
more specific delivery to LSECs with help of Kupffer cell depletion by clodronate
liposomes. It was reported that a small diameter helped NPs to escape from Kupffer cells
and LSECs 32. However, it is not clear how this escape occurs against strong phagocytic
activity of Kupffer cells or LSECs that was demonstrated in the current study.

Disease conditions may also affect a cellular distribution of NPs in the liver. Morphological
and/or functional changes in liver cells as well as hepatic microcirculatory disorders occur in
pathological conditions. For example, portal hypertension causes the development of
collateral vessels and hemodynamic changes. These changes may influence the cellular
distribution of NPs in the liver. In fact, one study showed that liver fibrosis increased
liposome NP accumulation in HSCs by approximately 3.5-fold 27. The mechanism of this
increased uptake by HSCs, particularly activated HSCs (i.e., myofibroblasts), was not
specified. Therefore, effective cell-specific NP delivery for therapeutic purposes, particularly
in the setting of pathological changes in the liver, requires a better understanding of NP fate
in different liver diseases.

For treatment of liver disease, NPs in the form of liposomes and micelles %3 have been used
most frequently. Liposome-based NPs are evolving into more advanced forms such as nano-
structured lipid or solid lipid NPs 33. However, some cationic lipids are also known to be
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cytotoxic, unstable at high ionic conditions 34, 35, and cause dose-dependent toxicity that
elicits immune activation %, 37. We used NPs made of poly lactic-co-glycolic acid (PLGA),
one of the most promising polymers for drug delivery due to its lack of toxicity,
biodegradability 38, and potential for sustained release ! PLGA NPs naturally undergo
hydrolysis in the body, resulting in biodegradable metabolite monomers such as lactic acid
and glycolic acid ¥ They are not immunogenic or proinflammatory, as they neither activate
neutrophils nor affect macrophage systems 25, which was demonstrated in this study as well
(Supplemental Figure 3). Importantly, the United States Food and Drug Administration and
the European Medicines Agency have approved use of PLGA NPs as a carrier for delivery of
various drugs in humans 0 Given these advantages, PLGA NPs have been increasingly
popular for various purposes in medical settings including drug delivery, diagnosis and
imaging

In conclusion, this is the first study, which focused on PLGA-NPs with the average size of
271+/-1.4 nm. The point of this study is to illustrate the complexity of NP distribution in
liver tissue, to develop methods for measuring the distribution of NPs throughout the
complex cellular architecture of the liver, and to define the cellular distribution of one
representative NP formulation. Use of NPs with different sizes and different formulations
could potentially result in different hepatic cellular distributions. Thus, we hope that this
study will provide a standard measure that others can use to determine the effect of size and
surface chemistry of NPs on their hepatic cellular distribution and to look more closely at
the cellular distribution of their NPs with the liver, as a means to identify the effectiveness
and potential toxicity of their approach.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nanoparticles (NPs) are largely retained in CD68+ Kupffer cells in the liver
(A) Scanning electron micrograph of DiD-loaded nanoparticles. Scale bar; 1um. The liver

was isolated 40 minutes after NP injection through the spleen and analyzed using
fluorescence microscope. Red; NP, Green; CD68, Scale bar; 50um. (B) NPs (red) were
clustered in non-parenchymal cells according to liver structure. (C) Immunofluorescent
images of NPs (red) and CD68+ Kupffer cells (green). Kupffer cells retaining NPs are
shown in yellow in the merged images. (D) Confocal 3D image of NP-treated liver tissue
clearly shows that NPs (red) highly co-localize with CD68+ Kupffer cells (green). The
arrows point to a few NP-positive, but CD68-negative cells.
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Figure 2. Nanoparticles (NPs) are retained in non-parenchymal cells rather than hepatocytes
One day after NP injection to mice, liver cells were isolated and evaluated for NP uptake.

(A) A composition of liver cells. Flow cytometry analysis was performed to determine the
ratios of non-parenchymal cells using specific markers: CD68 for Kupffer cells, eNOS for
LSECs and desmin for HSCs. (B) Immunofluorescent images of NPs with isolated Kupffer
cells (CD68+), LSECs (eNOS), HSCs (desmin) and hepatocytes (autofluorescence). Red;
NP, Green; cell markers. (C) Ratios of NP-positive cells in each cell type. Flow cytometry
analysis was performed in non-parenchymal cell fractions to determine the percentages of
NP-positive cells in each cell type, using CD68 for Kupffer cells, eNOS for LSECs and
desmin for HSCs. Hepatocytes were isolated separately. Each cell type is indicated in green.
(D) Ratios of NP-positive cells in the entire liver cells.
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Figure 3. NPs are retained in CD68-negative cells in the absence of Kupffer cells
(A) Experimental design for Kupffer cell depletion by clodronate liposomes and NP

injection. Clodronate liposomes were injected intraperitoneally to mice 2 days before NP
injection. Mice were sacrificed at 40 minutes, 1, and 2 weeks after NP injection for
collection of liver tissues. (B) CD68-positive Kupffer cells (green) were completely depleted
2 days after clodronate liposome treatment. NPs (red) were retained in the liver even in the
absence of Kupffer cells. Scale bar; 50um. The percentages of NP-positive/CD68-positive
cells in the total NP-positive cells were determined 40 minutes after NP injection. (C)
Kupffer cells returned to the basal levels by 16 days after clodronate liposome treatment.
Newly recruited CD68-positive Kupffer cells (green) were negative to NPs (red), but NPs
still remained in CD68-negative cells even 2 weeks after their injection (arrow heads). Scale
bar; 50um. The ratios of CD68-positive Kupffer cells to those of the basal levels were
determined 2, 9 and 16 days after clodronate liposome treatment. The number of NP-
positive cells was counted at 200x magnification 40 minutes, 1 week and 2 weeks after NP
injection. Data are shown as mean + SEM. **p<0.01.
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Figure 4. Kupffer cell depletion results in increased NP retention in LSECs
NP uptake was determined 1 day after NP injection, following clodronate liposome

treatment. Scale bar; 50um. (A) Immunofluorescence of isolated Kupffer cells (CD68+),
LSECs (eNOS), HSCs (desmin) and hepatocytes (autofluorescence), one day after NP
injection. NPs (red) and cell markers (green). (B) Kupffer cell depletion significantly
increased NP retention in LSECs (upper panel). The bar chart represents NP intensity per
LSEC. Data are shown as mean + SEM. Quantification of 52 fields. **p<0.01. A cellular
distribution of NPs in LSECs was determined by isolating LSECs one day after NP injection
(lower panel). NPs were localized to the nucleus. NP (red), eNOS (green) and nucleus (blue,
DAPI). An image was taken by Leica TCS SP8 STED 3X super-resolution microscope.
Scale bar; 10um. (C) NP-positive cells in each cell type after Kupffer cell depletion. Flow
cytometry analysis was performed in non-parenchymal cell fractions using CD68 for
Kupffer cells, eNOS for LSECs and desmin for HSCs, as well as in hepatocyte fractions.
Hepatocytes were isolated separately. Each cell type is indicated in green. (D) Ratios of NP-
positive cells in the entire liver cells after Kupffer cell depletion.
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Figure 5. NP-positive liver cells after Kupffer cell depletion
Livers were isolated 40 minutes and 1 week after NP injection. (A) Representative
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fluorescent images of liver sections. Cell markers include CD68 (green) for Kupffer cell,

VE-Cad (green) for LSECs and desmin (green) for HSCs. Scale bar; 50um. (B & C)

Quantification of NP-positive cells in livers 40 minutes (B) or 1 week (C) after NP injection.

Among NP-positive cells, 89% were LSECs and 10% were HSCs at 40 minutes, while

LSECs and HSCs were 79% and 9% 1 week after NP injection, respectively. Data are shown

as mean + SEM. Quantification of 7 fields per tissue. **p<0.01.
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Figure 6. Summary of nanoparticle uptake in the liver
A hierarchy of NP uptake is seen among liver cells, which is characterized by dominance of

Kupffer cells, followed by liver sinusoidal endothelial cells (LSECs), hepatic stellate cells
(HSCs), and limited access to hepatocytes.
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