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Abstract

Introduction: Understanding the interactions between administered nanoparticles and the liver is
crucial for developing safe and effective nanomedicines. As the liver can sequester up to 99% of
these particles due to its major phagocytic role, understanding these interactions is vital for clinical
translation.

Areas Covered: This review highlights recent studies on nanoparticle-liver interactions,
including the influence of nanoparticle physicochemical properties on delivery, strategies to
enhance delivery efficiency by modulating liver Kupffer cells, and their potential for treating
certain hepatic diseases. Additionally, we discuss how aging impacts the liver’s phagocytic
functions.

Expert Opinion: While liver accumulation can hinder nanomedicine safety and effectiveness,
it also presents opportunities for treating certain liver diseases. A thorough understanding of
nanoparticle-liver interactions is essential for advancing the clinical application of nanomedicines.
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1. Introduction

Nanomedicine is an emerging technology to diagnose, image, and treat a variety of

disease indications [1]. However, the safe and effective application of nanomedicine
requires efficient nanoparticle delivery to cells and tissues in the body [2]. Upon systemic
administration, nanoparticles interact with complex biological environments that determine
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the nanoparticles’ in vivo fate [3,4]. As a result, nanoparticles encounter various cell-
dependent and cell-independent blood removal pathways [5], leading to the accumulation

of up to 99% of the administered nanoparticle dose in the liver, while often less than

1% of administered nanoparticles reach targeted tissues, such as solid tumors [2,6]. The
limited accumulation in target cells and tissues underscores the need to improve nanoparticle
delivery strategies [2,6].

In this review, we focus on nanoparticle-liver interactions, as the liver represents a major
biological barrier limiting the safe and effective application of nanomedicines. We explore
and explain recent advances in understanding nanoparticle-liver interactions and summarize
published studies to overcome the rapid and efficient clearance of nanoparticles from the
bloodstream. We explore the nanoparticle fate upon entering the body, specifically the
nanoparticle elimination pathways such as through hepatic fecal excretion. These pathways
often depend on nanoparticle interactions with non-parenchymal cells like Kupffer cells.
We highlight how various nanoparticle physicochemical properties, such as size, shape,
and hardness, affect their behavior at each step of this elimination pathway, ultimately
determining nanoparticle fate. Additionally, we outline different strategies for modulating
liver macrophage, i.e. Kupffer cell, activity to enhance targeted nanoparticle delivery.
Furthermore, we extensively discuss the potential of using nanoparticles as carriers for
intracellular nucleic acid delivery. Finally, we address age as a significant factor affecting
the efficacy of nanotherapeutics. A better understanding of nanoparticle-liver interactions
may lead to improved nanoparticle delivery strategies and accelerate the translation of
nanomedicines into the clinic.

2. The majority of administered nanoparticles tend to accumulate in the

liver

Researchers are harnessing the delivery potential of nanoparticles by embedding drugs
and/or imaging agents into them. This delivery strategy offers many advantages, including
limiting the potential rapid metabolism of these compounds in the body, prolonging their
circulation time, and increasing their accumulation at disease sites, while potentially
reducing adverse effects [4]. Nanoparticles are engineered materials with dimensions in

the nanoscale size range (often between 1 and 100 nm) and, therefore, are capable of
reaching targeted disease sites in the body upon systemic administration [1]. However, upon
introduction into the bloodstream, nanoparticles promptly engage with complex biological
environments.

In this environment, serum proteins often form what is known as a ‘protein corona’

around administered nanoparticles [1]. This protein corona typically exhibits a multilayered
structure. The composition and organization of the adsorbed proteins affect the
nanoparticle’s /n vivo fate. For example, opsonins in the protein corona can mark
nanoparticles for phagocytosis by certain circulating white blood cells and tissue-resident
macrophages [1]. Interestingly, Beever et al. recently found that the interaction between
poly(ethylene glycol) (PEG)-coated nanoparticles and macrophages is more akin to the
interaction between lipoproteins and macrophages, rather than the interaction between
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pathogens and macrophages. The researchers concluded that the interactions between
PEG-coated nanoparticles and macrophages depend on the direct interaction of the PEG
component with receptors that bind lipoproteins [7].

After intravenous administration, nanoparticles are transported to the heart along with
venous blood from the systemic circulation. After passing through the pulmonary
circulation, nanoparticles return to the left atrium with arterial blood from the pulmonary
veins, flowing into the left ventricle. From there, the nanoparticles exit the heart and

enter the systemic circulation, interacting with various organs and tissues throughout the
body [5]. During this journey in the circulatory system, nanoparticles often accumulate
primarily in the liver, with liver accumulation reported to reach up to 99% of the injected
nanoparticle dose (Figure 1(a)). The preferential accumulation of nanoparticles in the liver
is a commonly observed phenomenon and remains consistent across different animal models
and nanoparticle physicochemical properties, such as size, shape, surface chemistry, and
composition [8].

As demonstrated by the following literature examples, liver macrophages, particularly
Kupffer cells, play a crucial role in the uptake and clearance of nanoparticles. Ouyang et

al. demonstrated the overlap of the gold nanoparticle imaging signal with liver macrophages
in tissue slices, proving that in a dose-dependent manner, over 90% of the administered
nanoparticles co-localized with liver macrophages [9]. Sadauskas and colleagues found that
almost all liver macrophages contained gold nanoparticles after systemic administration
[10]. Park and coworkers examined the cellular distribution of poly(lactic-co-glycolic acid)
(PLGA) particles in the liver using flow cytometry, revealing a 98% positivity rate for
nanoparticles in liver macrophages [11]. Tsoi et al. observed that after intravenous injection
of quantum dot nanoparticles in rats, ~85% of liver macrophages, ~82% of B cells,

and ~ 65% of liver endothelial cells contained these nanoparticles [12]. Considering that
liver macrophages outnumber B cells approximately five-fold in the liver, the researchers
concluded that liver macrophages play a crucial role in the clearance of quantum dot
nanoparticles. Additionally, liver macrophages were found to retain nanoparticles in the liver
for an extended period. Poon et al. reported that up to 50% of intravenously administered
gold nanoparticles persisted in mice livers 14 days after injection. This finding suggests that
liver macrophages sequester the nanoparticles, thereby preventing the metabolic clearance
and excretion of the gold nanoparticles through the hepatobiliary route [13].

Reasons for the high nanoparticle accumulation in the liver include the large blood volume
in the liver, the slow sinusoidal blood flow (Figure 1(b)), and the direct exposure of liver
macrophages to circulating nanoparticles facilitating their phagocytosis and endocytosis via
various cellular uptake pathways [14].

Understanding the complex interactions between nanoparticles and liver macrophages
within a healthy liver is crucial for nanomedicine development. Poon et al. used gold
nanoparticles as a model system for non-biodegradable nanoparticles (Figure 1(c)) to
systematically identify and quantify biological barriers within the hepatobiliary pathway
for non-biodegradable nanoparticle elimination in the hepatic sinusoidal context [13].
Liver non-parenchymal cells, specifically Kupffer cells and hepatic sinusoidal endothelial
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cells, play a pivotal role in impeding the egress of nanoparticles from the hepatic
sinusoidal endothelium, thereby limiting their access to the Disse space for interactions with
hepatocytes. Within the hepatic sinuses, there exist minute pores facilitating the transport
of nanoparticles to the Disse space. However, particles surpassing the physical dimensions
of these pores cannot directly penetrate the Disse space. Instead, these particles may gain
access through a less efficient and slower transcellular transmission process facilitated by
hepatic sinusoidal endothelial cells. These endothelial cells represent the initial *barrier,’
effectively impeding the direct interaction of non-biodegradable nanoparticles with liver
cells, such as hepatocytes [13]. On the other hand, if the liver is in a pathological state,

the permeation pathway of nanoparticles may be influenced by the intricate complexities
of tumor blood vessels and the tumor microenvironment, differing from the previously
described pathways. We suggest readers refer to comprehensive review papers for more
detailed information [2,15].

3. Mediating nanoparticle-liver interaction through nanoparticle design

3.1.

A large amount of administered nanoparticles is trapped in hepatic macrophages, reducing
the effective quantity of nanoparticles reaching the target disease site. This accumulation
decreases the nanoparticle delivery efficiency, resulting in potential suboptimal therapeutic
effects and potential side effects [16]. Researchers have devised strategies to minimize
hepatic nanoparticle accumulation [2]. For example, researchers currently focus on two main
approaches to improve nanoparticle delivery efficiency [14,17].

The first approach involves the nanoparticle design. Researchers adjust physicochemical
parameters, including nanoparticle size, shape, stiffness, and surface modification, to
engineer nanoparticles for specific interactions with cells [18]. These physicochemical
parameters significantly impact various aspects of the interaction between nanoparticles
and the biological system, including serum protein adsorption, phagocytic recognition,
trajectories and margination dynamics in blood vessels, endothelial adhesion, and
extravasation, as well as organ filtration [19]. Recently, Wang et al. conducted a relevant
literature survey on the organ biodistribution and pharmacokinetics of various types of
nanoparticles in preclinical animal models. This analysis revealed novel insights concerning
the relationship between nanoparticle design and nanoparticle distribution and retention
within organs, such as the liver [5].

Nanoparticle size

Nanoparticle size is a physicochemical property that affects nanoparticle diffusivity and
contact surface area with cell membrane (Figure 2(a)). Kupffer cells in the liver can engulf
nanoparticles within the range of a few hundred nanometers. When nanoparticles in the
bloodstream are smaller than the diameter of liver sinusoidal fenestrations (maximum range
~ 150-200 nm), they can penetrate the space of Disse and potentially interact with liver
cells, such as hepatocytes [13].

Bergen et al. reported that galactose-modified 50-nm gold nanoparticles outperformed 80-
nm, 100-nm, and 150-nm gold nanoparticles in terms of liver hepatocyte localization [20].
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The 50-nm gold nanoparticles exhibited two to three times higher hepatocyte accumulation,
suggesting that the size of nanoparticles plays a crucial role.

While nanoparticle size has been established as an important factor affecting cellular
interactions and uptake, various other elements, including cell type, nanoparticle
sedimentation rate, density, morphology, and the formation of a protein crown, can also
impact the nanoparticle internalization pathways. Consequently, identical nanoparticles may
yield diverse experimental outcomes in the presence of distinct experimental conditions [21].
In the meta-analysis of animal experimental results at the 24-hour time point by Wang et al.,
nanoparticles with diameters ranging from 11 to 100 nm accumulate the most in the liver
[5]. Meanwhile, nanoparticles with diameters larger than 200 nm exhibit lower accumulation
in various organs, including the liver.

In general, nanoparticles smaller than 6 nm are typically filtered through the kidneys and
excreted rapidly into the urine [22], while those larger than 6 nm tend to accumulate in
various organs and tissues, with a preference for the liver [23]. In summary, the size of
nanoparticles plays an essential role in nanoparticle-liver interactions.

Nanoparticle shape

In addition to size, modifications to the nanoparticle shape (Figure 2(b)) can influence
their behavior and distribution in the bloodstream, thereby affecting biological interactions
such as cell uptake, hemodynamics, and organ biodistribution. Nanoparticles of different
shapes also exhibit variations in their interactions with organs. Short rod-shaped and
spherical nanoparticles typically accumulate in the liver. Compared to non-spherical
nanoparticles, spherical nanoparticles usually have shorter circulation times but are more
easily internalized by cells [24].

Spherical nanoparticles are more prone to phagocytosis by macrophages, while disc-shaped
and rod-shaped nanoparticles exhibit stronger adhesion to cell membranes. Rod-shaped
nanoparticles accumulate most in all organs of mice. From the perspective of blood
rheology, nanorods, nanoworms, and nanodiscs show distinct fluid dynamics in blood flow
compared to spherical nanoparticles [25]. They have smaller curvature radii and are less
prone to renal or hepatobiliary excretion. Specifically, fibrous nanoparticles like nanoworms
and fibrous micelles, due to their directional distribution aligned with blood flow, mainly
exist in the fluid center, reducing the chances of interaction with vessel walls or liver
sinusoids. This behavior significantly decreases the uptake of fibrous nanoparticles by the
mononuclear phagocytic system and helps prolong their circulation time in the bloodstream.

Researchers have demonstrated that after injecting fibrous polymer micelles into mice,

the blood circulation time of nanoparticles exceeds one week, whereas the corresponding
spherical particles have a circulation time of only 2 to 3 days. Additionally, disc-shaped
particles in the bloodstream display rolling and migration paths, increasing their chances of
binding to vessel walls. The enhanced boundary dynamics of these disc-shaped particles in
blood flow strengthen their binding to endothelial cells and the possibility of extravasation
through the discontinuous endothelial layer in tumor vessels [26].
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3.3. Nanoparticle material and elasticity/stiffness

Various materials are used to manufacture nanoparticles (Figure 2 (c)), categorized into
inorganic materials, such as gold and silver, metal oxides like iron oxide, and organic
polymers, such as polylactic acid (PLA) and poly(lactic-co-glycolic acid) (PLGA), and
organic biomolecules, such as liposomes and lipid nanoparticles. Different materials exhibit
different mechanical properties, and the mechanical performance of nanoparticles is a

key characteristic affecting biological interactions [27]. Inorganic nanoparticles often have
longer /n vivo retention times in various organs of mice, especially in the liver and spleen.
For instance, gold nanoparticles tend to accumulate most in the liver. Among different
organic nanoparticles, polymeric nanoparticles often exhibit the highest accumulation in the
liver of mice, while liposomes and biological nanoparticles tend to have lower accumulation
in the liver [5].

Different materials exhibit different elasticity/stiffness, and these two properties are
particularly important for nanoparticle delivery. Nanoparticle elasticity is an inherent
property of the material quantified by the Young’s modulus, which represents the degree

of deformation under pressure [28]. The nanoparticle stiffness is affected not only by its
geometric shape but also by its physical and chemical structure. Although elasticity and
stiffness have different definitions in the literature, high elasticity and stiffness are typically
characteristics of hard materials, whereas low elasticity and stiffness are indicative of softer,
more flexible materials [29]. Main types of tunable elastic nanoparticles include hydrogel
nanoparticles and hybrid polymer-lipid nanoparticles. The nanoparticle elasticity/stiffness
can affect their organ biodistribution, clearance, cellular interactions, and elimination.

It has been reported that liver Kupffer cells can more effectively engulf rigid particles.

Soft nanoparticles with low elasticity typically exhibit longer circulation times in the
bloodstream, suggesting reduced sensitivity to macrophage phagocytosis [30]. The potential
mechanism for this phenomenon is that low elasticity nanoparticles may be more prone to
deformation, thereby reducing the efficiency of macrophage engulfment.

Moreover, phagocytosis is not the only pathway for nanoparticles to enter cells. It has

been reported that relatively soft lipid nanoparticles can be engulfed by tumor cells through
fusion with the cell membrane, consuming less time and energy compared to engulfing hard
nanoparticles [31]. However, the factors affecting these interactions are complex and include
material properties, nanoparticle size and shape, and cell types, all of which may lead to
variations in the observed experimental outcomes.

Elasticity and stiffness further affect the tendency of nanoparticles to migrate toward the
vessel wall in the bloodstream. Generally, rigid nanoparticles are more prone to margination.
However, the boundary effect is multifaceted and is influenced by the nanoparticles’
physicochemical properties, including size, shape, surface modification, and stiffness, and
vascular characteristics, such as blood flow rate, vessel diameter, and blood viscosity [5].

3.4. Nanoparticle charge

Nanoparticle surface charge is another physicochemical property that affects the interaction
between nanoparticles and cells (Figure 2(d)). Nanoparticles with positive charges (>10 mV)
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tend to interact with negatively charged cell membranes, promoting the internalization of
nanoparticles, while nanoparticles with negative charges (<10 mV) and neutral nanoparticles
(—10 to 10 mV) exhibit significantly lower internalization efficiency [32]. Based on

the attractive forces between positive and negative charges, nanoparticles with positive
charges tend to bind more firmly to cell membranes with negative charges, enhancing the
internalization of nanoparticles. This binding may be nonspecific and applicable to various
cell types, including hepatic cells.

On the other hand, the nanoparticle surface charge further affects the type and quantity of
adsorbed plasma proteins. Cheng et al. discovered that apolipoprotein E and IgA can bind

to cationic nanoparticles, in which case the nanoparticles will accumulate significantly in
hepatocytes [33]. Nanoparticles with a positively charged surface are more easily cleared

by the liver. Souris et al. reported that mesoporous silica nanoparticles with a positive
charge, when injected into mice, could be cleared by the liver and bile within 30 minutes
post-administration [34]. Additionally, positively charged particles tend to aggregate when
exposed to serum proteins, making them more easily recognized, engulfed, and cleared from
the bloodstream by macrophages [26].

Considering these two factors, nanoparticles with a neutral surface charge tend to have a
longer residence time in the body compared to nanoparticles with a positive or negative
surface charge [26]. Levchenko and colleagues demonstrated that negatively charged
liposomes (~ —40 mV) accumulated more in the liver than neutral-charged liposomes [35].

Different types of liver cells exhibit distinct preferences for nanoparticle uptake, indicating
that surface charge affects the nanoparticle distribution in the liver. Kupffer cells and

liver sinusoidal endothelial cells (LSECs), which are rich in scavenger receptors, show
strong binding affinity with nanoparticles carrying a negative charge. Liver cells tend to
preferentially internalize nanoparticles with a positive charge [6].

Surface charge impacts nanoparticle biological toxicity as well. /n vivo studies have
confirmed the impact of nanoparticle surface charge on biological toxicity. For example,
mice injected with lipid nanoparticles carrying a positive charge experienced more severe
adverse effects, including liver toxicity, weight loss, and pro-inflammatory reactions,
compared to mice injected with neutral or negatively charged nanoparticles [36].

3.5. Nanoparticle surface modification

Nanoparticle surface modification plays a crucial role in guiding their interaction with target
cells or tissues [37]. The nanoparticle surface can be modified with so-called targeting
ligands (Figure 2(e)) to achieve specific interactions with receptors on the surfaces of target
cells, aiming to weaken the recognition and clearance by the body’s macrophages and
enhance targeted delivery efficiency. Targeting ligands commonly used for ‘active targeting’
include peptides, small molecules, proteins, antibodies, antibody fragments, nucleic acids,
and more [38]. Nanoparticles without specific targeting ligands are referred to as ‘passive
targeting’ nanoparticles, where the interaction between nanoparticles and cells is typically
nonspecific [39].
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‘Passive targeting’ aims to minimize the recognition of nanoparticles by macrophages [40].
This stealth effect is often achieved by modifying the nanoparticle surface with PEG or
zwitterionic ligands. Another strategy is to camouflage nanoparticles as ‘self’ entities, for
example, by decorating the nanoparticle surface ‘self-labeling’ proteins/peptides, or cell
membranes.

One of the most common surface modification methods to reduce interactions between
nanoparticles and biological entities is PEGylation [41]. When PEG polymers are attached
to the nanoparticle surface, they reduce the recognition by macrophages through steric
hindrance and the formation of a hydration layer around the nanoparticles.

PEGylation has been extensively studied and is known to prolong the blood half-life of
various nanoparticles. However, the presence of anti-PEG antibodies in some individuals
may lead to allergic reactions and accelerate the blood clearance of PEGylated nanoparticles
[42,43]. To address this issue, researchers have explored alternative polymers, such as
polylysine, polyoxazoline, and polysaccharides, to replace PEG. Yang and colleagues
replaced PEG with heparosan (HEP) and observed that HEP-coated nanoparticles exhibited
reduced protein adsorption on the nanoparticle surface and increased cellular uptake in
certain immune cell types [44,45].

Zwitterionic ligands, composed of chemical groups with positive and negative charges, are
often used for nanoparticle surface modification and passive targeting. Arvizo et al. found
that neutral and zwitterionic nanoparticles exhibited enhanced tumor uptake capacity by
comparing structurally homologous nanoparticles with different charge properties and their
impact on tumor delivery ability and organ biodistribution [46]. The underlying reason
behind this is that neutral and zwitterionic particles exhibit increased tumor accumulation
post-administration potentially due to the EPR (Enhanced Permeability and Retention) or
ATR (Active Transport and Retention) effects [47].

Plasma proteins, particularly albumin, can also be used for surface modification to
improve the pharmacokinetics of nanoparticles [48]. Albumin competitively inhibits the
attachment of more bioactive serum proteins. On the other hand, more biologically specific
approaches involve the use of ‘self-labeling’ proteins, such as CD47 or its derived peptides
[49], to modify nanoparticles [50]. These proteins are often recognized by macrophages
and lymphocytes as self-components, reducing engulfment and clearance. Another type

of biomacromolecule, polysaccharides, is also considered a good choice for surface
modification of nanoparticles. Ji et al. found that by using Astragalus alcohol soluble
polysaccharide (AASP) to surface modify selenium nanoparticles (SeNPs), they exhibited
dose-dependent inhibition on liver cancer (HepG2) cells [51].

Another approach aims for lower biological specificity by encapsulating nanoparticles in
cell membranes that already display various self-molecules on their surfaces. Studies have
shown that nanoparticles cloaked with red blood cell membranes exhibit a longer circulating
effect than “active targeting’ strategies and demonstrate better nanoparticle accumulation and
therapeutic efficacy in liver cancer [50].
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To achieve more targeted nanoparticle /n vivo delivery, Siegwart et al. reported selective
organ targeting (SORT) lipid nanoparticles. The researchers succeeded in tissue-specific
mMRNA delivery and CRISPR-Cas gene editing by incorporating specific SORT lipid
molecules into lipid nanoparticles [52]. The SORT approach enables the targeted
nanoparticle delivery to the lungs, spleen, and liver.

In summary, when designing nanoparticles for biological and medical applications, careful
consideration of various nanoparticle physicochemical properties and the rational selection
of surface modification strategies are essential.

4. Kupffer cell modulation

4.1.

As the majority of nanoparticles are engulfed by liver macrophages upon entering the
body, various approaches have been explored to reduce the ability of liver macrophages,
represented by Kupffer cells, to phagocytose nanoparticles. The initial expectation was
that if the Kupffer cells’ phagocytic activity is reduced, more nanoparticles will remain

in the bloodstream for a longer time. Longer blood circulation may increase the chance

for nanoparticles to reach target tissues in the body. Three main biological modulation
approaches have been employed to improve the nanoparticle delivery efficiency (Figure 3):
(i) Kupffer cell saturation strategy; (ii) inhibition of Kupffer cell phagocytic function; and
(iii) depletion of Kupffer cells, known as a “suicidal strategy.’

Kupffer cell saturation strategy

The Kupffer cell saturation strategy refers to injecting an excess of nontoxic inorganic

or organic materials, such as liposomes, into the body before administering therapeutic
nanoparticles. This excess of nanoparticles can temporarily saturate the surface receptors of
Kupffer cells and enhance the delivery of therapeutic nanoparticles to diseased tissues [9].
The principle behind this method is that although Kupffer cells can engulf a large number of
circulating nanoparticles, their short-term phagocytic efficiency is limited by their capacity,
i.e. the amount and rate of exogenous substances each cell can engulf [53]. Liu et al.
demonstrated this by first giving mice liposomes to saturate the reticuloendothelial system,
including Kupffer cells, and then injecting mice with nanoparticles containing paclitaxel
[54]. They used spin echo and gradient echo magnetic resonance imaging to detect the T2
values in the tumor area before and after the administration of nanoparticles, with numerical
changes from 29.1 + 0.1% to 49.9 + 0.1%. They concluded that this method nearly doubled
the accumulation of nanoparticles in tumors and significantly slowed tumor growth. It only
temporarily blocked the receptors responsible for phagocytosis without impairing the overall
function of macrophages, indicating the practicality of the Kupffer cell saturation strategy.

Ouyang et al. discovered that the efficiency of nanoparticle delivery to tumors significantly
increased when the number of systemically injected PEGylated gold nanoparticles exceeded
one trillion in mice [9]. At this nanoparticle bolus dose, the uptake rate of Kupffer cells
became saturated, prolonging the nanoparticle circulation time and thereby increasing the
tumor delivery efficiency. This method achieved a 12% nanoparticle tumor delivery and
improved the therapeutic effect of nanoparticles carrying drugs, such as Caelyx/Doxil.
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In addition to nanoparticles, researchers have used other materials, including chitosan
sulfate, natural polysaccharides, colloidal carbon, and fat emulsions, as pre-treatment agents
to saturate Kupffer cells within a short time [55,56].

However, the limitations of this strategy include, on one hand, that the phagocytic function
of Kupffer cells does not permanently disappear. Once lysosomal enzymes digest these
inorganic or organic materials after cell uptake, the phagocytic function of Kupffer cells
promptly recovers, and the entire process only lasts for ~48 hours [6]. Such recovery limits
the long-term application of nanoparticles. On the other hand, high-dose blockade with
nanoparticles or other substances to saturate the phagocytic activity of Kupffer cells may
lead to dose-dependent toxicity and damage to other organs [57].

4.2. Endocytosis inhibition strategy

Kupffer cells internalize nanoparticles through various endocytic pathways, including
phagocytosis, clathrin-mediated, caveolin-mediated endocytosis, often using scavenger
receptors on their cell surface [14]. Researchers have employed drugs, such as rottlerin,
colchicine, cytochalasin B, chloroquine, gadolinium chloride, and methyl palmitate [6],

to limit the endocytosis of nanoparticles by Kupffer cells. Lunov et al. investigated the
uptake mechanisms of 20-nm and 60-nm superparamagnetic iron oxide nanoparticles
(SPIONSs) on human macrophages [58]. The study results indicate that SPIONs accumulate
in macrophages through endocytosis mediated by clathrin proteins and scavenger receptor
A. When inhibitors for meshwork proteins and scavenger receptor A endocytosis were used,
the cell uptake of SPIONSs decreased by over 80%.

Wolfram et al. demonstrated that chloroquine reduced the accumulation of liposomes and
disc-shaped silica particles in the liver. Meanwhile, the concentration of silica particles in the
blood increased by 3.9 times, and the accumulation in the lungs increased by 1.5 times [59].
Deorukhkar et al. used gadolinium chloride to mitigate the accumulation of quantum dots in
Kupffer cells to enhance tumor imaging [60].

The reduction of nanoparticle internalization by macrophages achieved through endocytosis
inhibitors is relatively mild, and the inhibitory effect of these inhibitors on macrophage
endocytosis is limited. The drawback is that these inhibitors do not specifically target
Kupffer cells in the liver, and when they enter the bloodstream, they may have side effects
on other cells throughout the body, such as hepatocytes in the liver. Currently, researchers
are beginning to explore new approaches, such as using palmitic acid methyl ester
nanoparticles combined with serum albumin to more effectively reduce the phagocytosis

of various physicochemically distinct nanoparticles in mice [57].

4.3. Kupffer cell suicide strategy

By depleting and removing the liver Kupffer cells, nanoparticles are no longer extensively
engulfed by them, leading to a natural increase in the nanoparticles’ blood half-

life. Researchers have used several drugs to deplete Kupffer cells in the liver. For
example, Van Rooijen and colleagues developed a method using liposomes encapsulating
dichloromethylene-bisphosphonate or clodronate to deplete macrophages, such as Kupffer
cells [61]. Subsequently, Ohara et al. established a human pancreatic cancer model
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in BALB/c nude mice and depleted Kupffer cells using clodronate liposomes before
administering different doses of PEGylated liposomal doxorubicin (Doxil). The results
showed that Kupffer cell depletion reduced doxorubicin accumulation in the liver, increased
the plasma doxorubicin concentration threefold, increased nanoparticle tumor accumulation
fourfold, and improved Doxil’s anticancer efficacy [62].

Similarly, Hao et al. used clodronate liposomes to deplete Kupffer cells in melanoma

mouse models. The experimental group showed an ~ 2-fold increase in the accumulation of
paclitaxel-PLGA nanoparticles in tumors compared to the control group [63]. These results
indicate that the removal of liver Kupffer cells can effectively reduce nanoparticle liver
accumulation while increasing nanoparticle accumulation in tumors. These encouraging
results inspire the development of drug delivery strategies focused on modulating the body’s
immune microenvironment to enhance nanoparticle delivery efficiency.

However, there are controversies regarding its clinical translation of Kupffer cell depletion
strategies. For example, it has been reported that the damage caused by clodronate liposomes
to liver Kupffer cells takes several days or even weeks to repair, depending on the drug
dosage and the body’s own condition [64]. At higher doses, a large number of apoptotic
Kupffer cells are filtered in the spleen, leading to splenomegaly. Kupffer cells play a

crucial role in the body’s immune response to pathogenic microorganisms, and the extensive
apoptosis of Kupffer cells can impair the body’s immune system, resulting in potentially
decreased immunity and increased susceptibility to pathogens.

Additionally, to achieve a low number of Kupffer cells in the liver over an extended

period, repeated high-dose injections of clodronate liposomes are required, which can cause
irreversible damage to other organs in mice. Chan et al. found that although pretreating
mice with clodronate liposomes can reduce the nanoparticle uptake by Kupffer cells in the
liver and improve the nanoparticle tumor delivery efficiency, this improvement is still very
limited. Their statistical conclusion is that this method contributes only 2% to the overall
nanoparticle tumor delivery [64]. Therefore, researchers should carefully consider the pros
and cons of these Kupffer cell suicide and depletion strategies [65].

5. Liver-targeted delivery of nanoparticles in nanomedicine

Given the ability of nanoparticles to deliver drugs to liver Kupffer cells, researchers have
explored various nanotechnologies for the treatment of liver diseases, with a particular focus
on lipid nanoparticles and liposomes [66]. Under the influence of various disease-inducing
factors, such as biological factors (hepatitis B virus, hepatitis C virus), physical factors
(radioactive substances), and chemical factors (alcohol), the function of liver Kupffer cells is
easily compromised. This can lead to the manifestation of diseases in the body, such as liver
cell carcinoma [67], liver fibrosis [68], and cirrhosis. Furthermore, due to the widespread
high expression of the cell-binding receptor — asialoglycoprotein receptor (ASGPR) on
hepatocytes, the binding ligands of nanoparticles exhibit an affinity for hepatocytes.
However, it is important to note that when the liver is in a diseased state, significant
alterations in its histological structure can impact the efficacy of nanoparticle delivery.

This enables nanoparticles with these binding ligands to more effectively deliver payloads
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to the liver [69]. In this section, we will primarily delve into the impact of histological
alterations in the liver under pathological conditions on nanoparticle delivery, as well as
the application of nanoparticles as carriers for different payloads, including chemotherapy
drugs, antibiotics, and nucleic acids to address a diverse array of liver diseases.

Influence of liver histopathological changes on nanoparticle delivery

The liver plays a crucial role in clearing and metabolizing nanoparticles from the
bloodstream. Diseased liver tissue exhibits significant differences in pathology compared
to normal liver tissue, thus the influence of liver histopathology on nanoparticle delivery

is notable [5]. Liver histopathology refers to the microscopic examination of liver tissue

to detect abnormalities or diseases. Several factors may affect nanoparticle delivery: 1.
Liver diseases such as fibrosis, cirrhosis, liver cancer, hepatitis, and fatty liver can alter the
structure, function, and blood flow within the liver [70]. 2. Elevated portal vein pressure
resulting from increased intrahepatic vascular resistance can significantly influence the
uptake, distribution, and clearance of nanoparticles [71]. 3. Activation of Kupffer cells
during inflammation or liver injury increases nanoparticle uptake and clearance, reducing
their circulation time and efficacy [6]. 4. Changes in liver vascular permeability affect
nanoparticle penetration and distribution within liver tissues. For example, reduced vascular
permeability in liver fibrosis limits nanoparticle entry into the hepatic parenchyma [72].

5. Liver fibrosis and cirrhosis increase tissue hardness, affecting blood flow distribution
and nanoparticle retention and distribution [73]. 6. Changes in cellular uptake due to liver
cell pathology, such as fatty liver, influence nanoparticle uptake mechanisms and transport,
impacting treatment efficacy and safety [74].

Understanding the influence of liver histopathology on nanoparticle delivery is crucial for
designing and optimizing nanoparticle-based drug delivery systems, particularly for liver
disease treatment. Incorporating knowledge of liver pathology into nanoparticle design can
potentially enhance efficacy and tissue targeting.

5.2. Liver targeted delivery of nanoparticles with drugs

Amphotericin B, an FDA-approved formulation, harnesses the preferential accumulation of
liposomes in the liver to enhance the delivery of liposomal amphotericin B, an antifungal
agent [75]. Notably, Sundar et al. observed that patients with visceral leishmaniasis receiving
Amphotericin B experienced milder and shorter fevers compared to those receiving free
ampbhotericin [76].

However, the accumulation of nanoparticles carrying therapeutic components in liver
Kupffer cells may lead to unexpected adverse effects. Daemen and colleagues found that the
function of rat liver Kupffer cells was impaired due to the application of non-polyethylene
glycolated liposomal amphotericin [77]. Given the pivotal role of liver Kupffer cells in

the immune system, caution is necessary when dealing with these off-target effects of
nanoparticles. Moreover, liver Kupffer cells contribute to maintaining immune tolerance

to specific antigens, potentially causing unexpected immune tolerance with nanoparticle
vaccines that accumulate in the liver. This becomes particularly crucial in the realm

of nanoparticle immunotherapies, where treatments influence immune activity. Therefore,
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when designing cancer nanomedicines, the accumulation of nanoparticles in liver Kupffer
cells must be carefully considered to mitigate potential adverse effects.

5.3. Liver targeted delivery of nanoparticles with nucleic acid payloads

RNA therapy can manipulate gene expression or generate therapeutic proteins, making it
applicable to pathologies with specific genetic targets, including infectious diseases, cancers,
immune disorders, and Mendelian genetic diseases (including neurological disorders)

[78]. Common therapeutic RNAs include gapmers composed of RNA surrounding DNA
nucleotides, small interfering RNAs (siRNAS), or large RNAs, such as messenger RNA
(mRNA). These RNA therapies can target RNA or proteins, encode missing or defective
proteins, or mediate gene-level editing, such as DNA or RNA editing.

Therapeutic RNAS, like mMRNA, are prone to degradation by RNases abundant in blood

and tissues, limiting their effective cellular uptake and action. To ensure safe, effective,

and efficient RNA delivery, organic nanoparticle delivery systems, represented by lipid
nanoparticles and liposomes, are widely employed [78]. These nanoparticles can protect
RNA payloads from degradation, significantly enhance the efficiency of RNA delivery

to target cells, and reduce nucleic acid exposure to non-target cells. For example, lipid
nanoparticles (LNPs) have been used to deliver mRNA to antigen-presenting cells after
intramuscular administration, deliver mMRNA encoding Cas9 and single-guide RNA (sgRNA)
to hepatocytes, and deliver short interfering RNA (siRNA) to liver cancer cells after
systemic administration [79,80]. Between 2018 and 2022, a total of 5 siRNA drugs targeting
the liver were approved by the U.S. FDA: Patisiran (Onpattro), Givosiran (Givlaari),
Lumasiran (Oxlumo), Inclisiran (Legvio), and Vutrisiran (Amvutta). All these approved
SiRNA drugs target the mRNA expressed in the liver [81].

Building upon nucleic acid therapy, efforts are continuously made to enhance the
effectiveness of nucleic acid manipulation of target genes, such as reducing dosing
frequency and extending the duration of action in the body.

Small interfering RNA (siRNA) is used for gene silencing in the human body. This double-
stranded RNA molecule, with a molecular weight of ~ 13 kDa, inhibits protein translation
by binding to mRNA through Watson-Crick base pairing, and the target mMRNA is cleaved by
the catalytic action of the RISC protein Ago2 [82]. siRNA can reduce the expression of any
gene encoding a protein, as demonstrated in FDA-approved therapies, such as Givosiran for
treating acute hepatic porphyria, Lumasiran for type 1 primary hyperoxaluria, and Inclisiran
for treating hypercholesterolemia [83].

Messenger-RNA (mRNA) can be used to replace proteins, using alternative therapies. It can
also reduce protein levels through the Cas9 cleavage method or repair protein mutations
through base editing of DNA [84]. mMRNA can also be used for the transient expression

of DNA nucleases, including zinc finger nucleases, transcriptional activation-like nucleases,
or nucleases derived from the CRISPR-Cas system. This provides a simple and flexible
way for therapeutic gene drugs, suitable for manipulating DNA, with a shorter protein
expression lifespan, achieving once-a-year patient injections through improved delivery or
SiRNA design, in contrast to DNA gene drugs, avoiding long-term effects and potential
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off-target effects. Lipid nanoparticles (LNPs) can deliver mRNA to different liver cells in
the human body. Once the nanoparticle enters the cell cytoplasm, the mRNA is released and
translated by ribosomes into functional proteins for disease treatment [85]. In addition to
cancer and viral infections, the research field of nanoparticle-mRNA vaccines can also be
used for prevention of parasitic infections, such as malaria. BioNTech announced plans to
conduct clinical trials for mRNA vaccines against malaria, focusing on infections confined
to the liver [86].

Organ-specific mMRNA delivery after systemic administration remains an ongoing effort.
When administered intravenously, mRNA-LNP primarily targets the liver by binding to
circulating apolipoprotein E (ApoE), which, in turn, targets ApoE receptors on the surface
of liver cells. Intrinsic liver regeneration serves as an example of applying nanoparticle
delivery of nucleic acids [87]. Gouon-Evans et al. proposed an efficient, safe, and non-
integrating method using nucleotide-modified lipid nanoparticles encapsulating mRNA
(mMRNA-LNP) for delivery (Figure 4) [89]. They injected mMRNA-LNP into the established
liver injury mouse model via retro-orbital or tail vein injections. This method achieved
transient expression of hepatocyte growth factor (HGF) and epidermal growth factor (EGF)
in mouse hepatocytes. The study confirmed the liver-specific targeting effect of mMRNA-
LNP, with protein expression sustained for approximately three days. In the liver, almost
all hepatocytes were transfected, along with a portion of endothelial cells and Kupffer
cells. Under steady-state conditions, HGF mRNA-LNP effectively induced hepatocyte
proliferation. In a mouse model of chronic liver injury mimicking nonalcoholic fatty liver
disease, co-injection of HGF and EGF mRNA-LNP significantly reversed fat deposition and
accelerated liver function recovery. Similarly, HGF and EGF mRNA-LNP expedited liver
regeneration after acetaminophen-induced acute liver injury, restoring the liver to baseline
ALT levels rapidly. This study introduced mRNA-LNP as a potential and convertible

safe therapeutic intervention, guiding liver regeneration through controlled expression of
endogenous mitogens /7 vivo [89].

Dahlman et al. used a DNA barcode-based system called Fast Nanoparticle Delivery (FIND)
to study the efficacy of over 100 lipid nanoparticles (LNPSs) in delivering mRNA to target
cell cytoplasm in mice [90]. Ultimately, an LNP with esterified cholesterol and lacking

a targeting ligand proved effective at delivering Cre mMRNA to liver endothelial cells and
Kupffer cells at lower doses. It is noteworthy that the efficiency of these lipid nanoparticle
formulations targeting microenvironmental cells surrounding liver cells is five times that

of the liver cells themselves. Different biological material components of nanoparticles

also affect their fate in the body. Dahlman’s team quantified the fate of over 100 LNPs
prepared with six cholesterol variants in 18 different cell types in mice. LNPs with esterified
cholesterol were found to be more efficient in delivering nanoparticles to all tested cell
types in mice compared to LNPs with ordinary or oxidized cholesterol. They also identified
an LNP containing cholesteryl oleate that efficiently delivered siRNA and sgRNA to liver
endothelial cells. This oleic acid LNP was distinguished from LNPs targeting hepatocytes
[91]. Therefore, rational selection of cholesterol variants in nanoparticles can achieve
targeted optimization of nanoparticles for more precise RNA delivery.
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The CRISPR-Cas system is a naturally occurring defense system widely present in
prokaryotes, designed to counteract invasion by bacteriophages and foreign genetic material.
These systems consist of effector modules, either a group of proteins or a single effector,
responsible for directing and cutting invading nucleic acids, and adaptation modules, which
integrate foreign sequences into CRISPR arrays and express them as CRISPR RNA (crRNA)
[84].

In recent years, the CRISPR-Cas gene editing approach mediated by lipid nanoparticles
(LNPs) has gained significant attention. Once LNPs enter the circulatory system, their
surface interacts with electrolytes, lipids, apolipoproteins, and other substances, forming
a specific ‘biomolecular corona.” Due to the highly perfused nature of the liver and its
fenestrated capillaries, LNPs passively and predominantly accumulate in the liver [92].
Optimized designs include amino lipids with buffered ions, used to deliver mRNA encoding
Cas9 and sgRNA targeting lox-Stop-lox sites. Similar lipid-like nano-materials have also
been successfully used to deliver base-editing Cas systems to mouse livers. Chemical
modifications specific to sgRNA can enhance the editing efficiency of mouse hepatocytes
[93]. Companies like Intellia Therapeutics have reported potent gene editing of the Ttr
gene after injection of biodegradable lipids (LP01), along with positive data from similar
strategies in clinical trials [84]. These studies indicate the application potential of LNP-
mediated gene editing in different organs and disease models.

6. Age-related hepatic macrophage clearance of nanoparticles and its

impact on drug delivery to tumors

Some biological variables, such as sex [94] and age [95,96], may influence the clearance
of nanoparticles and affect the therapeutic outcome of nanomedicine. These factors garner
increasing research interests in the recent years as they are shown to drastically change the
development and treatment outcome of human diseases [97-99].

Clinical studies observed that the pharmacokinetics of nanomedicine is different between
young and old patients [94,100]. The stem cells from female or male origins also showed
different uptake ability of nanoparticles [101]. It is possible that individuals of different age
or sex may rely on different major pathways for nanoparticle clearance, which implies that
the targeting strategies also need to be adapted to the status of the recipient.

For example, in a recent study, Jiang et al. found that tumor delivery of nanomedicine is
enhanced in older mice compared to their younger counterparts, primarily due to the reduced
ability of aged liver phagocytic cells to capture and clear nanoparticles [102]. This age-
associated disparity of liver uptake results in improved treatment efficacy of nanomedicine
for the old mice. Single-cell RNA sequencing of the liver macrophages of young and old
mice revealed a striking shift of macrophage populations during aging. The young liver

had large abundance of Kupffer cells, while the old liver macrophages were primarily
monocyte-derived macrophages. Further transcriptomic analysis showed that young and old
liver macrophages respond very differently to the stimulation of nanoparticles. For example,
after nanoparticle injection, the young liver macrophages activated phagocytosis, antigen
presentation, and lysosome pathways more robustly than the old counterparts. Whereas
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old macrophages had higher level of reactive oxygen species and IL-17 signaling pathway
activations. These differences in response to nanoparticles indicate a possible change in
nano-bio interaction patterns during aging.

Analysis of phagocytosis-related receptor expressions found that higher percentage of
young liver macrophages expressed a scavenger receptor named macrophage receptor
with collagenous structure (MARCO). MARCO is known to be responsible for uptake
of nanoparticles and bacteria by macrophages [103,104]. It was further shown by
knockdown experiments that MARCO is directly responsible for the nanoparticle uptake
by macrophages. The overexpression of MARCO on old macrophages can enhance their
phagocytosis ability. Interestingly, nanoparticles stimulated the young livers to generate
more macrophages with high expression of MARCO, but the old livers were much less
responsive to nanoparticle stimulation.

Therapeutic blocking of MARCO by antibody or recombinant MARCO protein was shown
to reduce nanoparticle phagocytosis by liver macrophages, thereby increasing the tumor
delivery and enhancing the anti-tumor effects of clinically approved cancer nanotherapeutics
in young mice. In old mice, despite the nanomedicine alone treatment was more effective
compared with that in young mice, the outcome could not be further enhanced by combing
with MARCO blockade. This result shows the age disparity of nanomedicine delivery
efficancy and suggests that a strategy to enhance nanoparticle delivery efficiency that is
effective in the young individuals may not be translatable to the old ones, due to the change
of biological context (Figure 5). Furthermore, the transcriptomic and protein-level analyses
at single cell and bulk levels showed that the percentage of liver macrophages expressing
MARCO declined with age in mice, non-human primates, and humans, suggesting that this
phenomenon is conserved and implies that it is necessary to take aging into consideration in
translational study design.

These findings highlight age-related differences in nanotherapeutic phagocytosis clearance,
influencing its anti-tumor response, and underscore the importance of age-appropriate
strategies in cancer nanomedicine. Further study is needed to elucidate the mechanisms
that cause the shift of liver macrophage populations and change of gene expression
patterns, which will ultimately help the development of age-specific strategies to enhance
nanoparticle delivery.

Conclusion

In conclusion, our review, citing papers from Google Scholar and PubMed in December
2023, underscores that administered nanoparticles predominantly accumulate in the liver,
exploiting its vascular structure to access Kupffer cells in sinusoids; larger nanoparticles

are preferentially sequestered, while those evading Kupffer cells pass through sinusoidal
endothelium to hepatocytes in the Space of Disse for eventual elimination via bile. Strategies
such as tailored nanoparticle design and modulation of Kupffer cells are essential for
optimizing delivery efficiency in treating liver diseases, with LNPs and liposomes playing
pivotal roles in targeting Kupffer cells and hepatocytes. Age and sex significantly influence
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nanoparticle clearance and efficacy, emphasizing the importance of personalized targeting
strategies in nanomedicine development.

8. Expert opinion

For future research, a deeper focus on the biological transformation of nanoparticles

and their interactions with liver cells, bile ducts, and the intestinal tract is essential,

as these biological components can influence the excretion efficiency and rate of
nanoparticles. The liver, acting as a complex gatekeeper system, exhibits compensatory
capabilities in regulating access to the liver-biliary pathway for large and non-degradable
nanoparticles. Unlike degradable nanocarriers, the long-term fate and toxicity of non-
degradable nanoparticles retained in the body remain unclear, necessitating a comprehensive
consideration of mechanisms for nanoparticle elimination from the body. Meanwhile,
introducing environmentally friendly and low-toxicity green biomaterials into the scope
of research in the field of nanomedicine is also an emerging and exciting concept [105].
It is recommended to establish a comprehensive nano-bio interaction central database,
facilitating trend and correlation analyses using machine learning (ML) and artificial
intelligence (Al) to enhance our fundamental understanding of nano-bio interactions and
guide the engineering design of the next generation of nanomedicine [5].

The substantial uptake capability of liver Kupffer cells poses a significant challenge for
nanoparticle delivery to non-hepatic organs. Future research should quantify the impact

of these factors on targeted nanoparticle delivery to comprehensively understand the
mechanisms of nanoparticle uptake in the liver [13]. To study Kupffer cell uptake, future
research may employ a library of nanoparticles with various design parameters, taking into
account various physicochemical properties.

In future studies, the DNA barcode method explored by the Dahlman team can be employed
to investigate the activity and stability of different nanoparticles [106]. This system, effective
in various in vivo environments, can be used to study how nanoparticle delivery modes
change under animal disease conditions and identify nanoparticles evading lysosomes,
retained in the cytoplasm, or entering the cell nucleus. This approach will advance the

study of nanoparticle drug metabolism kinetics, promote research into targeted nanoparticles
for specific tissues and cells, and expedite the exploration of relationships between chemical
structure and in vivo delivery.

Further research is needed to understand the complexity and extent of interactions among
multiple metabolic mechanisms and confirm the conservation of these mechanisms in vivo.
High-throughput techniques, such as single-cell RNA sequencing, can be employed to
identify signal pathways promoting the activity of therapeutic RNA in target cell types
while reducing its activity in non-target cells [107]. Despite successful mMRNA delivery to
immune cells through intramuscular injection of LNPs for vaccine applications, achieving
clinically relevant delivery in non-hepatic tissues, such as the spleen, lungs, heart, eyes,
central nervous system, and lymphatic system, requires improvements in drug delivery
systems to target mRNA to these non-hepatic tissues.
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Lastly, researchers need to consider age-related differences, as well as other biological
variables, that affect the clearance of nanomedicines. In the future of translational medicine,
emphasizing the importance of tailored cancer nanomedicine strategies suitable for different
age groups is crucial [102]. Furthermore, researchers need to delve into the mechanisms
underlying the heterogeneity of hepatic macrophage populations and changes in gene
expression patterns under different physiological or pathological states. It will be important
to understand how these parameters affect interactions between liver macrophages and
nanoparticles. A better understanding of nanoparticle-liver interactions will ultimately
contribute to the development of safer and more effective nanomedicines.

This paper was funded by the U.S. Department of Health and Human Services, National Institutes of Health
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Avrticle highlights

Systemically administered nanoparticles often predominantly accumulate in
the liver.

Nanoparticles can be designed with specific physicochemical properties to
reduce liver accumulation and enhance targeted delivery.

Strategies, such as Kupffer cell inhibition and depletion, have been used to
reduce the phagocytic activity and improve nanoparticle delivery efficiency.

Lipid nanoparticles (LNPs) and liposomes have been extensively studied for
treating liver diseases, emphasizing their capacity to deliver drugs to both
Kupffer cells and hepatocytes.

Biological variables, such as sex and age, significantly impact nanoparticle
clearance and nanomedicine safety and efficacy, necessitating age- and sex-
specific targeting strategies.
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Figure 1.

Overview of nanoparticle-liver interactions. (a) The majority of administered nanoparticles
often accumulate in the liver. Other organs and tissues typically exhibit lower nanoparticle
accumulation. Note: The described relative biodistribution and nanoparticle accumulation
may vary significantly for different nanoparticle formulations and injection doses. (b)
Schematic of liver vasculature. Blood flows into the liver through the hepatic veins and
arteries, forming the portal triad with the bile duct. These vessels direct blood from each
portal triad to the three nearest central veins, while bile flows in the opposite direction for
excretion. (c) The mechanism of nonbiodegradable nanoparticle hepatobiliary elimination

in the liver sinusoid is depicted. Intravenously administered nanoparticles enter the liver

and move into the liver sinusoid. (c,1) Liver-resident macrophages, called Kupffer cells,
predominantly sequester circulating nanoparticles based on size, with a preference for larger
nanoparticles. (c,2) Upon removing Kupffer cells from the liver sinusoid, more nanoparticles
transport through the liver sinusoidal endothelium. (c,4) the transport of larger nanoparticles
may be hindered by the fenestrae size limit of the liver sinusoidal endothelial cell. (c,3)
Nanoparticles then accumulate in the Space of Disse, where hepatocytes gradually take them
up and process them for transport into the bile canaliculus. Nanoparticles then transport

out of the liver into the intestines and eventually exit the body via feces. Panel 1a, reprinted/
adapted with permission by John Wiley & Sons, Inc [5]. Panel 1c, reprinted (adapted) with
permission from [10.1021/acsnano.9b01383]. Copyright 2019 American Chemical Society.
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Figure 2.
Mediating nanoparticle uptake in the liver through material design approaches. The

physicochemical properties of nanoparticles can be engineered to mitigate nanoparticle
interactions with the liver. The design approaches span nanoparticle characteristics such

as (a) size, (b) shape, (c) stiffness, composition, and (d) surface charge. In addition, (e)
nanoparticle surface modifications can be used to create a variety of surface chemistries
from purely synthetic to biologically-inspired modifications, thereby mitigating nanoparticle
liver clearance efficiency. Reprinted/adapted with permission by John Wiley & Sons, Inc [5].
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Figure 3.
Strategies for the biological modulation of nanoparticle-liver interactions. (a) Saturation

preconditioning involves overloading Kupffer cells with a non-therapeutic filler
nanoparticle. This chosen nanoparticle is typically nontoxic and degrades rapidly after a
specific duration. The saturated Kupffer cells can no longer engulf additional nanoparticles,
enabling subsequent administration of therapeutic/diagnostic nanoparticles to bypass
Kupffer cells and distribute more effectively to target tissues. (b) Endocytosis inhibition
strategies utilize drugs to impede interactions between Kupffer cells and nanoparticles.

One mechanism involves disrupting endocytosis by blocking receptor-nanoparticle corona
interactions. This prevents nanoparticles from attaching to Kupffer cell membranes, allowing
more efficient interaction with target tissues. (c) The cell suicide strategy employs drugs

to induce cell death in part or all of resident tissue macrophage populations, reducing
nanoparticle sequestration by Kupffer cells. Reprinted/adapted with permission by John
Wiley & Sons, Inc [5].
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Figure 4.
Schematic representation of LNP-facilitated in vivo liver repair. HGF mRNA and EGF

mRNA are encapsulated in LNPs, establishing specific hepatotropism of mMRNA-LNP.
These LNPs are then administered via intravenous injection to a liver injury mouse model.
Subsequently, HGF mRNA and EGF mRNA are translated into proteins to assist in liver
regeneration. Reprinted/adapted with permission by SpringerNature [88].
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Figure 5.
Age-associated MARCO expression in the effectiveness of nanoparticle uptake by liver

macrophages. the expression of macrophage scavenger receptor MARCO is generally down-
regulated during biological aging, and MARCO is related to the ability of macrophages

to take up nanoparticles. Blocking the interaction between nanoparticles and MARCO
enhances the effect of drug delivery to tumors. Created with BioRender.
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