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Abstract

Nanomaterials (NMs) are widely used in commercial and medical products, such as cosmetics,
vaccines, and drug carriers. Exposure to NMs via various routes such as dermal, inhalation, and
ingestion has been shown to gain access to the systemic circulation, resulting in the accumulation
of NMs in the liver. The unique organ structures and blood flow features facilitate the liver
sequestration of NMs, which may cause adverse effects in the liver. Currently, most /n vivo studies
were focused on NMs accumulation at the organ level and evaluation of the gross changes in

liver structure and functions, however, cell-type-specific uptake and responses, as well as the
molecular mechanisms at cellular levels linking the effects at organ levels are lagging. Herein,

we systemically reviewed the diverse interactions of NMs with the liver, specifically on major
liver cell types including Kupffer cells (KCs), liver sinusoidal endothelial cells (LSECs), hepatic
stellate cells (HSCs), and hepatocytes as well as the detailed molecular mechanisms involved. In
addition, we also reviewed the knowledge gained on nano-liver interactions that could facilitate the
development of safer nanoproducts and nanomedicine.

Graphical Abstract
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The widespread exposure of nanomaterials to the body and slow clearance during systemic
circulation leads to nanomaterial liver accumulation. This induces cell-type-specific uptake and
responses after exposure of representative NMs with various physicochemical properties to the
liver and major liver cell types. Furtherly, understanding nano-liver interactions help to develop
safer nanoproducts and nanomedicine.
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1. Introduction

Nanomaterials (NMs) are engineered with sizes ranging from 1 to 100 nm in at least

one dimension. They are designed to have unique chemical and physical properties that
could substantially enhance the functional performance of a product compared to their
bulk counterparts.[2-3] Since the launching of the National Nanotechnology Initiative
(NNI), both NMs and nanoproducts have achieved rapid development in a variety of
industrial, commercial, and medical fields that include bio-imaging, vaccines, and drug
carriers (Figure 1). The functional advantages of NMs are derived from their unique
physical and chemical properties.[2:4-6]1 Among all the NMs, metallic NMs including metal
and metal oxides (MOXx) nanoparticles (NPs), such as Ag and Au NPs, transition-metal
oxides (TMOs, e.g., SiO,, Co304, and Mn,03), and rare-earth oxides REOs (e.g., GdyO0s3,
Lay03, and Y,03) NPs, are among the most produced NMs worldwide. Also, they are
widely used in consumer products such as dietary supplements, fuel additives, cosmetics,
bioimaging, and drug carriers, efc. due to their properties such as small size, high surface
area, controlled particle shape as well as superior mechanical, electronic, optical, and
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magnetic properties.[’~%] For example, SiO, NPs have been applied in the theranostic

fields, including bioimaging and targeted drug delivery.[’] In addition, the popularity of
carbon nanomaterials (CNMs) including zero-dimension fullerenes, one-dimensional carbon
nanotubes (CNTSs), and two-dimensional graphene-based nanoparticles (GBN) including
graphene, graphene oxide (GO), and reduced graphene oxide (rGO) has been on the

rise for their applications in battery, electronics, drug delivery, bio-sensing, bio-imaging,
and tissue engineering due to their large surface area, diverse surface functional groups,
excellent optical property, and efficient drug-loading capacity.[19-16] For example, an
advanced NMs-based biosensing platform based on rGO has been developed to detect

the coronavirus disease 2019 (COVID-19) antibodies within seconds.[17] Additionally, a
form of nanostructured cellulose (nanocellulose), including cellulose nanocrystal (CNC) and
cellulose nanofiber (CNF) has been increasingly considered for applications in papermaking,
coatings, food, nanocomposite formulations and reinforcement, and biomedical fields

(e.g., wound dressing) due to its biocompatibility, outstanding mechanical, chemical, and
rheological properties.[18:19] Also, two-dimensional (2D) transition metal dichalcogenides
(TMDs) (including MoS; and BN) with high surface area and free surface energy levels

are increasingly being used for commercial applications in energy generation, sensors,
catalysis, electronics, and biomedicine fields.[13.20-22] Similarly, organic NPs (including
lipid, liposome, polymer, micelle, dendrimer, and protein/peptide-based NPs) have been
widely used in diagnosis, drug delivery, bioimaging, and cancer therapy because of

their facile synthesis and chemical modification, self-assembly, biocompatibility, and
biodegradability.[23-25] The global market value of NMs will be expected to reach US$

125 billion marks by 2024.126] The widespread production and use of NMs increase the
possibility of human exposure via various exposure routes including dermal, inhalation,
ingestion, and intravenous injection to NMs, raising significant public health concerns.[27:28]

While there are numerous comprehensive reviews on the environmental health impacts of
NMs,[29-34] this current review is focused on the recent findings on NMs-induced effects

in the liver. We focused on cell-type-specific interactions and the molecular mechanisms
involved in the nano-liver interactions. In addition, we reviewed novel nanotherapeutics that
could be developed based on the understanding of nano-liver interactions.

The liver is the largest solid organ and holds about 13% of the body’s blood

supply at any given time, performing indispensable roles of metabolism, xenobiotic
detoxification, glycogen storage, bile formation, protein synthesis, efc., maintaining the
general homeostasis in the body.[3%] The liver consists of 2 main lobes made up of 8
segments consisting of 1,000 lobules (small lobes). Each lobule is roughly hexagonal and is
connected by the hepatic artery that delivers oxygenated blood from the general circulation,
the portal vein that delivers deoxygenated blood from the small intestine containing
nutrients, and the bile duct (canaliculi) that carries bile from the liver to be released into the
gastrointestinal tract to facilitate digestion. These portal blood vessels branch into capillary-
like structures named sinusoids, which receive blood from terminal branches of the hepatic
artery and portal vein at the periphery of lobules and deliver it into central veins draining
into the inferior vena cava (Figure 2).[36-4%] Sinusoids are lined with liver sinusoidal
endothelial cells (LSECs) and flanked by plates of hepatocytes, allowing larger molecules,
including plasma proteins as well as small particles, to leave and reenter the bloodstream
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due to the presence of fenestrations in the LSEC layers. Liver cells could be divided into

2 major groups, the parenchymal hepatocytes, which account for about 60-80% of the

total number of liver cells, and the non-parenchymal cells, which occupy approximately
20-40% of the total cells (Figure 3). The non-parenchymal cells consist of the LSECs,
approximately 50% of the total number of non-parenchymal cells, liver resident macrophage
designated Kupffer cells (KCs, approximately 20%), lymphocytes (approximately 25%),
biliary cells (approximately 5%), and hepatic stellate cells (approximately 1-8%) that are
found in the perisinusoidal space of Disse, a location between LSEC layer and hepatocytes.
Similar to KCs, the intrahepatic lymphocytes are also present in the sinusoidal lumen,
including T lymphocytes (approximately 63%), natural killer (NK) cells (approximately
31%), B lymphocytes (approximately 6%), and less than 1% of dendritic cells (DCs). T
lymphocytes include the conventional T cells such as CD4* T cells and CD8" T cells,

and the unconventional T cells, including natural killer T (NKT) cells, TCRy8 T cells,

and others (Figure 3). The unique liver lobule architecture and position of cells play a
pivotal role in liver functions.[37:41-441 The liver has been the primary target or target of
secondary spread for NMs gaining access to the systemic circulation, e.g., extrapulmonary
translocation after lung exposure, gastrointestinal absorption, intramuscular, and direct
intravenous injection, which will lead to accumulation of NMs in the liver.[45-47] A thorough
understanding of the liver effects and nano-liver interactions is needed.

Studies have found that certain NMs including metal and MOx NPs (e.g., Au and TiO5)

as well as CNTs and GOs could lead to hepatic toxicity.[48] Animal studies have shown
NMs could induce liver injury as reflected by increases in blood biomarkers including
aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase
(ALP), lactate dehydrogenase (LDH), etc,, as well as by changes in liver histology.[49:50],
However, most /n vivo studies are focused on the accumulation of the NMs at the organ
level and the gross effects mentioned above.[8:9] It is not clear about the effects of NMs on
individual cell types and how these cellular responses combine and contribute to the gross
adverse outcomes. Furthermore, the diverse liver cell populations and specific metabolic
zonation are vital to maintaining the hepatic structure and functions, and to understand the
liver effects of NMs, we need to zoom in on the cellular levels.[3741] However, most in vitro
studies are typically focused on the NMs effects of an individual liver cell type. In addition,
in vitro studies are generally done using primary hepatocytes or cell lines cultured in a flask
without spatial context (3D) of the liver. Still, we have obtained much valuable information
on the effects of NMs at the cellular level. For example, many NMs have been shown to

induce oxidative stress in liver cells, which may contribute to their adverse effects on the
liver.[51.52]

To gain a better understanding of the effects of NMs on the liver, a thorough examination

of how NMs interact with the liver cells is required. Thus, we systemically reviewed the
current state of our understanding of the effects of diverse NMs including metallic NMs,
CNTs, 2D TMDs, GBNs, and nanocelluloses on the liver. We focus on hepatocytes, KCs,
LSECs, and HSCs because they make up the vast bulk of the liver cell population, and these
are the principal cell types that are responsible for liver function and diseases. We compiled
information on cell type-specific uptake and cellular responses, as well as the molecular
pathways involved in NMs-induced effects on these major liver cells. Also, we lay out how
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the knowledge on nano-liver interactions could be used to develop safer applications of NMs
to treat diseases, including cancer, liver disorders and diseases, and diseases such as allergies
and autoimmune diseases.

2. Liver pathological changes induced by NMs

It is estimated that 30-99% of administered NPs will accumulate and sequester in the liver
after administration into the body.[4953] The presence and accumulation of certain NMs

in the liver have been shown to induce oxidative stresses that in turn interrupt the liver’s
metabolism and homeostasis.[44%4] Although the liver possesses the ability to repair and
restore sections of damaged tissue following acute injury, the prolonged exposure to NMs
could impair the regenerative capabilities, inducing repetitive injury, provoking or worsening
the liver condition as well as leading to chronic liver disease.[445556] Many studies reported
the adverse effects of NMs on the liver.[56:57] This includes that metallic NMs-induced liver
disorders or liver damage, CNTs-induced hepatic steatosis and liver injury, GBNs-induced
hepatic dysfunction or liver functional zonation changes, efc. (Figure 4).

2.1. Metallic NMs induced liver steatosis and fibrosis

The imbalance between lipid storage and utilization will lead to supraphysiological
triglyceride accumulation in hepatocytes, known as hepatic steatosis.[>81 Many metallic
NMs including metal NMs have been shown to induce hepatic steatosis due to the

residual NMs in the liver. The 10 nm spherical Au NPs have been reported to induce
hepatic steatosis in Wistar-Kyoto rats.[>%1 Also, 60 nm spherical Si NPs demonstrated
increased hepatic steatosis via the TLR5-signaling pathway in mice or a zebrafish model.[6]
Furthermore, Jia et al. demonstrated that Ag NPs at a safe dose in normal mice promoted
the progression of fatty liver disease from steatosis to steatohepatitis in the overweighted
mice. This disease progression was ascribed to the pro-inflammatory activation of KCs in
the liver, enhancement of hepatic inflammation, and suppression of fatty acid oxidation.[61]
Additional adverse effect assessment of other NMs in the liver is required for their safe
application.

Liver fibrosis and cirrhosis are serious conditions of sustained wound healing in response to
chronic liver injury caused by various factors including viral, cholestatic, and inflammatory
diseases.[3%1 Chronic hepatic injury and liver fibrosis will also lead to hepatic carcinoma.
Yu et al. reported SiO, NPs induced oxidative damage- and hepatocyte apoptosis-activated
transforming growth factor-p1 (TGF-B1)/Smad3 signaling pathway, which promoted the
process of liver fibrosis (Table 1).[62] Also, the chronic treatment with silica NPs increased
the expression of fibrosis-related genes, fibrosis-related markers, such as hydroxyproline,
and the occurrence of periportal fibrosis in the liver.[63.64]

2.2. Induction of higher level of liver enzyme release by metallic NMs

AST is an enzyme found in the liver that helps metabolize amino acids and that is normally
present in blood at low levels.[%5] When the liver is damaged, AST is released into the
bloodstream and the levels increase.[56] ALT is an enzyme that helps convert proteins into
energy for the liver cells. Like AST, an increase in ALT levels may indicate liver damage
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and disease.[%7] ALP, an enzyme in the liver, plays a vital role in breaking down proteins.[68]
Higher-than-normal levels of ALP may indicate liver damage or disease, such as a blocked
bile duct.[58] Also, the elevated levels of LDH in the liver may indicate liver damage.
Metal-based NMs have been shown to induce the release of high levels of these liver
enzymes. For example, the administration of a high dose of Fe304 NPs (150 or 300 pg/gr) in
BLAB/c mice was associated with a significant elevation in liver enzymes, including AST,
ALT, and ALP, together with the histopathological effects in the liver tissue.[69] The high
iron accumulation or excessive ROS in the liver could be responsible for these effects. In
addition, copper oxide (CuO) NPs and copper carbonate nanoparticles [Cu,CO3(OH), NPs]
have been shown to induce increased AST, ALT, and LDH in male-specific pathogen-free
rats (RjHan:W1) due to the shedding of toxic Cu ions from the NPs.[70]

2.3. Hepatic chemical injury exacerbated by metallic NMs

The xenobiotics including environmental pollutants, pesticides, chemicals, and
pharmaceuticals were mainly metabolized in the liver. The accumulations of these
xenobiotics together with NP deposition may show synergistic effects and induce greater
damage to liver tissue. For example, cadmium is a heavy metal contaminant that can
induce severe liver damage by the generation of excessive oxidative stress.[’2] SiO, NPs
administered at safe levels together with cadmium chloride to mice have been shown

to increase cadmium deposition in the liver, causing high oxidative stress, elevated liver
enzyme release, and liver architecture damage.[®% Similarly, ZnO NPs co-administered
with the xenobiotic compound, organophosphate dimethoate, increased hepatic deposition
of zinc and dimethoate, resulting in increased liver oxidative stress and liver injury.l7]
Non-alcoholic fatty liver disease (NAFLD) is a chronic liver condition that is characterized
by the excessive fatty acid accumulation in hepatocytes without alcohol abuse.[”3] Metal
NMs including Au, Ag, and Si NPs have been found to worsen NAFLD through increased
inflammation or hepatocellular damage in various mouse models.[°]

2.4. Liver injury and hepatic steatosis induced by CNTs

CNTs are cylindrical large molecules composed of a hexagonal arrangement of hybridized
carbon atoms, which include single-walled carbon nanotubes (SWCNTSs) and multiwall
carbon nanotubes (MWCNTS). Recent studies have demonstrated that CNTs could induce
liver injury /n vivo (Table 1). For example, Zhang et al. reported that the exposure of adult
mice to MWCNTSs significantly reduced the weight of offspring mice (male and female)
and disrupted the liver function as manifested by the accumulation of lipid droplets in
hepatocytes, a sign of hepatic steatosis, and histopathological changes in the liver tissues.
[74] poulsen er al. found two MWCNTSs with different physicochemical properties, small,
entangled (CNTsmg), 0.8 + 0.1 um long) and large, thick (CNT_arge, 4 £ 0.4 um long)
MWCNTSs, induced histological changes in the liver of C57BL/6 mice, including increased
binucleate hepatocytes, induction of mild liver injury including microfoci of necrosis and
eosinophilic necrosis of hepatocytes, and hepatic inflammation. CNT_arqe induced higher
effects than the small CNTgya.L7%) However, the mechanism of the size dependence is not
clear.
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2.5 Liver function affected by graphene-based NMs

Graphene-based NMs including graphene and its derivatives, GO and rGO, are widely

used in electronics, energy storage, and biomedicine fields due to their 2D structures.

[14.17] Graphene-based NPs in the liver have been shown to induce adverse effects in the
liver.[’8] For example, GO exposure in larval and adult zebrafish could induce hepatic
dysfunction mainly through the reactive oxygen species (ROS) and PPAR-a mediated
innate immune signaling.l””] A recent study detailed the GO distribution and the zonation
changes in liver lobules. Wu et a/. found a higher GO accumulation surrounding portal

triad zones than the central vein zones. Meanwhile, the liver zonation patterns also changed,
such as changes in cytochrome P450 expression patterns and vital zonation-related genes
involved in hepatocyte integrity and metabolism, leading to compromised hepatic functions.
Furthermore, they identified dysregulation of key signaling pathways governing liver
zonation, such as Wnt signaling and TET-dependent signaling as determined by RNA-Seq
and DNA methylation sequencing analyses, which contributed to the GO-induced changes
in the liver functional zonation.[”8] There are also other types of GBNS, including graphene
quantum dots (GQDs), few-layer graphene (FLG), and multilayered graphene (MLG) NMs.
[76-78] Some of these graphene derivatives induced similar changes compared with GOs in
the liver. For example, FLG- and carboxylated FLG could induce inflammatory changes and
liver degeneration due to their accumulation in the liver for 90 days.[7®]

There are limited studies focusing on the liver toxicity of NMs in humans. For example,
Heringa et al. discovered TiO, particles were present in 15 post-mortem human livers and
spleens, with at least 24 percent of the nanoparticles smaller than 100 nm. Although we are
still unclear about whether the presence of TiO, could be directly linked to liver damage (/.e.
liver edema and liver enzyme changes), the role of TiO, particles cannot be ruled out.[”®]
More research on this topic in humans should be performed.

3. Interaction of NMs with the liver during systematic circulation

Why the liver is a major target of NMs? This aspect has been reviewed thoroughly by

the Chan group.[49:80.81] The major point is that after the NMs gain access to the liver
through blood circulation, the blood flow slows down about 1,000-fold, allowing the NMs
to have sufficient time to interact with a variety of liver cells including KCs, LSECs, HSCs,
and hepatocytes, and undergo cellular uptake.[81] Also, there is a concentration gradient of
oxygen dropping from Zone 1 to 3 (Figure 2C), which may affect the cellular uptake of NMs
by different cell types, however, this aspect has not been systemically explored. In addition,
the exposure of NMs to the different cells is not homogeneous. This is because hepatocytes
and HSCs are separated from the bloodstream by a layer of LSECs, which has a fenestration
size (50 to 200 nm) that changes based on model animals and disease states, serving a sieve
to filter out the NMs that are smaller than 200 nm to gain access to the space of Disse and
have contact with HSCs and hepatocytes.[4%] The NMs could pass through the hepatocyte
layer and enter the bile canaliculi through transcytosis (Figure 5). The exposure of NMs to
these liver cells may provoke the activation of various cellular uptake mechanisms including
phagocytosis, receptor-mediated endocytosis, macropinocytosis, efc. depending on the NM
physicochemical properties and specific cell types. Notably, some NMs may pass through
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the liver sinusoid and return to the systemic circulation via the central vein, which can lead
to accumulation in other organs or tissue such as the spleen, lungs, tumor, efc., the NMs
escaped or released from other organs or tissues could circulate back to the liver and get
captured.[4981] This recurring process could further increase the chance of NMs retention
because the liver is so efficient in this aspect.

4. NMs properties and cell type-specific uptake in the liver

4.1.

NMs have intrinsic properties including chemical composition, size, shape, surface
chemistry, and hydrophobicity/hydrophilicity. However, when NMs encounter the
biological/physiological fluid, they will assume additional properties by forming corona

on the NMs surface, which will significantly impact their cellular uptake by liver cells.
[3.49,82,83] The composition of the corona is influenced by NMs physicochemical properties
(including size, shape, surface charge, hydrophilicity, etc.).[9.83.84]1 Additionally, the
composition of the corona, e.g., proteins such as albumin, apolipoprotein E (ApoE), and
IgG antibodies, will determine the NMs-cell interactions and cellular uptake mechanisms of
liver cells once NMs are distributed in the liver. [85-93] Among the different liver cells, most
studies are focused on the interactions of NMs with KCs, LSECs, HSCs, and hepatocytes
due to their important roles in liver physiology and diseases. The unique liver architecture
and location of these liver cells profoundly affect their interaction with NMs and cellular
uptake, which will eventually determine the cellular responses (Figure 6).

Protein corona

The encounter of NMs with the biological environments will form a dynamic corona on
NMs surfaces, including proteins, lipids, and certain sugar motifs.[8586] The structure and
composition of the corona are determined by the intrinsic physicochemical properties of
NMs, the duration of exposure, and the nature of the physiological environment.[87-89] |t has
shown that the biomolecular corona regulated cellular recognition and penetration of NMs,
and further influence their intracellular trafficking.[%:%1] Corona proteins have been found
to facilitate the binding of the opsonized particle to specific receptor molecules that are
available in macrophages.[®2] For example, Cao er a/. found that the biodistribution of 2D
MoS, NMs /in vivo was mediated by protein coronas, principally with ApoE, and the uptake
by KCs is approximately 5.4- to 9.2-fold higher than that by hepatocytes.[93] In addition, Cai
et al. found that the serum albumin corona on the surface of gold nanorods could confer a
certain degree of stealth property to these NMs, and some nanorods escaped the clearance
by KCs and entered the hepatocytes.[8”] Moreover, Choi and co-workers also demonstrated
the protein coronas on the surface of gold NPs reduced uptake by hepatocytes, possibly
related to the increase in NP aggregation or the decrease in cell binding and subsequent
transport.[94]

4.2 Size effects

The cellular uptake of NMs was size-dependent in many cell types.[95] After entry into the
bloodstream, NPs larger than 150 nm in diameter could be preferentially captured by KCs
and this uptake will enhance with an increase in particle size, although KCs are also able to
take up NPs smaller than 150 nm.[98] The LSECs lining the liver sinusoids are proficient to
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take up NPs with sizes up to 200 nm size range by clathrin-mediated endocytosis.[43:49.96]
Moreover, NPs with a smaller size than 50 nm in diameter could diffuse into the space of
Disse through the fenestrations on the LSEC layer, and gain access to hepatocytes, and NMs
on a scale of 10-20 nm could undergo rapid uptake by the hepatocytes.[49.96]

Large GOs with lateral sizes >500 nm were predominantly swallowed by KCs rather than
LSECs or hepatocytes.[7] While the large-sized GOs induced significant lipid peroxidation
and gasdermin-D (GSDMD)-mediated pyroptotic cell death in KCs, they did not induce as
significant effects in LSECs or hepatocytes.[7] This size-dependent GO uptake was also
supported by Zhang et al., where they showed the large GOs (500-2000 nm) taken up by
KCs but only associated with the plasma membrane of hepatocytes 77 vivo.[%] Additionally,
the uptake and subsequent cellular responses in KCs were in a size-dependent manner and
the large size of GOs showed stronger effects than that of GOs with a size of 50-200 nm.[8]
Furthermore, Lu and co-workers demonstrated that the larger graphene triggered membrane
perturbation of RBCs and enhanced erythrophagocytosis by the KCs, resulting in higher
liver toxicity /in vitroand in vivothan smaller ones.[%°]

4.3 Surface charge effects

In addition to the intrinsic NP size, the NP surface charge has also been reported to affect
uptake by liver cell types. This is because of the differences in nanoparticle—cell membrane
electrostatic interactions as well as protein adsorption to the NP surface.[49.100-102]

KCs and LSECs are efficient to interact with negatively-charged NPs because of the
abundant expression of scavenger receptors binding to anionic NPs on the cell surfaces.
[96,103] However, hepatocytes have been shown the most uptakes of positively-charged

NPs rather than their negatively-charged counterparts.[96:103] Using fluorescently labeled
mesoporous silica nanoparticles (MSNPs) in HepG2 and mice as models, Cheng et al.
observed significant hepatocyte uptake of positively charged NPs, but not negatively charged
ones.[104] They also demonstrated the negatively charged, but not positively charged,
MSNPs were rapidly taken up by KCs /n vivo and in vitro, respectively. The uptake of
positively charged MSNPs by hepatocytes and negatively charged MSNPs by KCs was
furtherly confirmed using transmission electron microscopy (TEM) of excised tissues and

the accumulation of negatively charged MSNP in KCs induced significant adverse effects.
[104]

4.4 Hydrophilicity effects

Generally speaking, NMs could be rapidly removed from circulation by components of the
MPS, in particular, by the liver and spleen. Compared to hydrophilic NPs, hydrophobic
NMs are more rapidly removed from circulation by KCs.[104] For example, studies found
the polyethylene glycol (PEG) decoration on particle surface could escape uptake by KCs
in the liver because their PEG chains partially blocked serum protein adsorption and
reduced protein binding. This would minimize the uptake of NMs by KCs or increase
uptake by hepatocytes.[9] Thus, this could explain that MWCNTS functionalized with PEG
(MWCNTs-PEG) induced weaker ROS-mediated pro-inflammatory responses in KCs than
carboxylated MWCNTSs.[108] |_ee et a/ showed that silica NPs with hydrophobic surface
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modification were taken up by LSECs, while hydrophilic surface modification of silica NPs
mainly was taken up by HSCs.[197] This could explain why hydrophobic rGO only has
weaker effects in HSCs than hydrophilic GO under the same conditions.[198] Furthermore,
Lee et al. demonstrated that in the hydrophobic-NP-treated liver, LSECs took up NPs the
most (41%), followed by KCs (36%), HSCs (21%), and hepatocytes (2%); while in the
hydrophilic-NP treated liver, KCs were the main cells taking up NPs (38%), followed by
HSCs (29%), LSECs (29%), and hepatocytes (4%).[2071,

4.5. Cellular uptake mechanism effects

It is well known that the induction of adverse effects by NMs is determined by

their entry pathway and intracellular content.[84] The common mechanisms of how

NMs enter the cells include phagocytosis and pinocytosis, which can be subcategorized
into clathrin-mediated endocytosis, caveolae-mediated endocytosis, clathrin- and caveolae-
independent endocytosis, and macropinocytosis.[84:97.109-111] Symmarizing the cellular
uptake mechanism of NMs in liver cells may shed light on understanding the differential
actions of NMs in the liver. Many studies have demonstrated that NMs can be taken

up by KCs via phagocytosis and hepatocytes via clathrin-mediated endocytosis.[97:109-111]
Similarly, LSECs with high clathrin-coated pits per membrane unit are also proficient in
taking up NMs by clathrin-mediated endocytosis.[112113] Fortuna et a/. showed that the
agent to disturb the classical clathrin-mediated endocytosis did not interfere with retinol
uptake in HSCs,[114] suggesting a different uptake mechanism involving in HSCs from
clathrin-mediated endocytosis. Using various endocytosis inhibitors, including phagocytosis
inhibitor wortmannin (WM), macropinocytosis inhibitor cytochalasin D (Cyto D), and
clathrin-dependent endocytosis inhibitor Pitstop 2, Li et al. determined that only WM
significantly inhibited the uptake of GO nanosheets labeled with fluorescein isothiocyanate
(FITC-BSA-GOs) and 1 um polystyrene beads (positive control), indicating that KCs take
up GOs predominantly through phagocytosis; meanwhile, only Pitstop 2 reduced the GO
uptake in LSECs and hepatocytes, suggesting the uptake of GOs in LSECs and Hepa 1-6
cells mainly by clathrin-mediated endocytosis.[97] The different uptake mechanisms in the
liver cells are further confirmed using MoS, and nanocellulose.[109.111] Also, Ouyang et
al. showed that KCs were taking up NPs via receptor-mediated phagocytosis rather than
clathrin- and caveolin-mediated endocytosis or micropinocytosis through localization of NPs
by TEM and fluorescent imaging.[11°]

The difference in uptake mechanisms of cells for NMs would determine their intracellular
contents in the liver cells. Many studies also showed that NMs were differentially taken
up by hepatic non-parenchymal cells, such as KCs, LSECs, and other cells, although

the predominant component of liver cells is parenchymal hepatocytes.[97] For example,

it has been shown that the phagocytic KCs played a major role in taking up graphene

and removing quantum dots from circulation, whereas hepatocytes and LSECs contribute
less compared to KCs.[81.99] park et a/. determined the relative distribution of polymeric
poly(lactic-co-glycolic acid) (PLGA)-NPs among liver cells /i vivo and found that KCs
were the major cells that took up NPs, followed by LSECs, HSCs, and hepatocytes.[116]
Also, Lee et al. found that in hydrophilic silica NP-treated mice, KCs mainly took up silica
NPs (38%), followed by LSECs (29%) and HSCs (29%), and then hepatocytes (4%).[107]
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For other NMs, Zhang et a/. found that the majority of GOs were actively swallowed by KCs
and only a small amount of GOs was found inside hepatocytes in BALB/c mice.[%8] Li er al.
and Cao et al. also showed a much more uptake of MoS, by KCs than other liver cell types,
such as hepatocytes or LSECs, respectively.[93:111]

Dose and time effects

The exposure dose and time of NMs are important parameters in determining the NM
biocompatibility profiles in vivo.[117.118] Many studies have also found that magnetic
nanoparticles (MNPs) such as iron oxide NPs and citrate-coated manganese ferrite (Ci-
MnFe204) NPs had distinct uptake profiles in the liver at different doses, as well as changing
biodistribution profiles at different time points after injection.[*17.118] Furthermore, some
NMs including lipid nanoparticles (LNPs) were found to accumulate in KCs, LSECs,

and hepatocytes in a time- and dose-dependent manner. [119.1201 Shj et a/. reported

when LNP-siRNA (composed of CLinDMA:Cholesterol: PEG-DMG, 50:44:6 mol%) were
administered at low doses (0.3 and 1 mg/kg), there was about 50% of LNP-siRNA delivered
to KCs; however, at high doses (3 and 9 mg/kg), LNP-siRNA localization in hepatocytes
increased to 74% at 3 mg/kg and 83% at 9 mg/kg, respectively, indicating uptake by

KCs was reaching saturation, which could potentially allow more LNP-siRNA delivered

to hepatocytes.[121] Furthermore, after 0.5 hr injection, LNPs were mainly localized in the
space of Disse, followed by accumulation in hepatocytes after 2 hr injection. Interestingly,
the siRNAs delivered to hepatocytes resulted in efficient gene silencing, while the delivery
to KCs and LSECs was shown to be inactive.[122] Additionally, Sago et a/. demonstrated

a similar intrahepatic distribution of LNP-DNA barcode systems that are composed of

the ionizable lipid D-Lin-MC3-DMA or cKK-E12 /n vivo. At a dose of 0.3 mg/kg, LNP
accumulation in KCs was higher than LSECs, while the trend was reversed at higher LNP
doses of 1 mg/kg.[123]

In addition, many studies have shown that adjusting the physical size of organic NPs,
PEG-lipid content, and incorporation of active targeting ligands can result in cell type-
specific uptake in liver cell types. For example, Kim and colleagues found that mannose-
incorporated LNPs with a hydrodynamic size larger than the fenestrae size were less uptake
by hepatocytes, allowing for more selective uptake into LSECs.[124]

Taken together, these data show the cell type-specific uptake of NMs in the liver cells

is mediated by the properties of NMs, protein corona, and the exposure dose and time.

We here summarized a tendency of preferential uptake of NMs by the major liver cells
based on limited reports (Figure 6). This includes NMs with a larger size, negative

charge, or hydrophilicity are preferentially swallowed by KCs through phagocytosis at
lower exposure dose or shorter time; NMs less than 200 nm or with negative surface

charge or hydrophobicity tend to be taken up by endothelial cells through clathrin-mediated
endocytosis at a high exposure dose or long time. The NMs less than 50 nm and hydrophilic
NMs could be captured by stellate cells. Smaller NMs with positive surface charge or
hydrophobic NMs are preferentially taken up by hepatocytes through clathrin-mediated
endocytosis at a higher exposure dose or longer time. We need to recognize that cellular
uptake of NMs is a complex and dynamic process, and cells could engage different cellular
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uptake pathways. More research is needed due to the diverse liver cell types and the
complexity of cellular uptake mechanisms.

5. Transformation and metabolic processes of NMs in the liver

After liver accumulation, NMs are taken up by diverse liver cells with distinct functions

and cellular programs. In most studies, the common cellular endpoints include cell

viability, oxidative stress, DNA damage, and pro-inflammatory effects.[1:521 However, a less
researched aspect is how the NMs change once they are inside the cells, which include
subcellular localization (e.g., phagosomes, endosomes, and lysosomes), intracellular or
intra-organellar transformation/degradation, and metabolization of the degradation products
(Figure 7).

5.1 NMs degradation and biotransformation through dissolution

Dissolution is involved in the degradation and transformation of inorganic NMs in the

liver due to the low pH environments in lysosomes, a main target of NMs after cellular
uptake. [7:195] We found that phagocytosed REOs could dissolve in the acidic environment
of lysosomes in KCs. Because rare-earth ions (RE3*) have a high binding affinity

with phosphates that is abundant in physiological media and membrane composed of
phospholipids, which prefers to form needle-like crystalline structures.[’] As the dissolution
and growth of needle-like structures are happening at the same time, this leads to
morphological transformation from sphere to sea urchin-shaped structures as well as a
change in chemical composition from oxides to rare-earth phosphate (REPO,).L7] This
biotransformation process resulted in the depletion of phosphate groups from phospholipids
and enzymes, leading to lysosomal damage as manifested by the loss of lysosomal

proteins (e.g., cathepsin B). The released cathepsin B could trigger the NLR family pyrin
domain containing 3 (NLRP3) inflammasome and caspase-1 activation, which could induce
GSDMD-mediated pyroptosis in KCs. In hepatocytes, we found that REOs could also
transform into sea urchin-shaped structures in the lysosomes, however, it did not lead to
lysosomal damage. A possible explanation is the differences in the acidification levels in the
phagolysosomes of macrophages (pH 5-5.5) vs hepatocytes (pH ~6.5). The transformation
of REOs was found to be pH-dependent, they exhibit a higher dissolution rate at pH 5.5
than pH 6.5. In addition, pH 5.5 requires an intense lysosomal acidification process that is
driven by v-ATPase on the lysosomal membrane by pumps protons into the organelle, which
forms to proton gradient that a high concentration of protons is present near the lysosomal
membrane. This leads to rapid REO dissolution and transformation near the lysosomal
membranes, resulting in the formation of sea urchin structures on the lysosomal membrane
by directly stripping phosphates from the phospholipids. The transformation process is much
slower in the lysosomes of hepatocytes, leading to the formation of sea urchin structures in
the lysosomal fluids, but not on the lysosomal membranes, leaving the membranes intact
(Figure 7).I71 As for transformation Jn vivo, it has been shown that the thiol-capped CdSe
were degraded to release free Cd ions, which accumulated in the liver with a half-life of
15-30 years and induced adverse effects male Sprague Dawley rats.[12%], Guo er a/. found
that ZnO NPs dissolved in the liver of rats, and the amount of free Zn ions increased over
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time after exposure, it only started to decrease on day 5. Furthermore, zinc accumulation in
the liver induced oxidative stress and affected the energy metabolism pathways [126]

5.2 NMs degradation and metabolization mediated by enzymes

The elucidation of the degradation and metabolization of NMs is important to understand
their physiological fate and evaluate their safety profiles. In cells, phase | and phase

Il enzymes are the main proteins for biotransformation and metabolization in the liver.
Specifically, the phase | enzymes are responsible for phase | metabolism that is oxidation,
reduction, and hydrolysis reactions, while phase 1l enzymes are responsible for phase Il
metabolism that is conjugation reactions.[127] There are few studies on NMs metabolism in
the liver, however, progress has been made recently.

Cao et al. found that MoS, NPs were accumulated in the liver and mainly sequestered

by KCs, where they could be chemically degraded from MoS, into MoO42~ by phase

I cytochrome P450 enzymes in liver microsomes. MoS, nano-complexes were degraded
through dissolution and the dissolved Mo element could be released from KCs and utilized
for the biosynthesis of molybdenum cofactors (Moco) in the hepatocytes (Figure 7),

leading to enhancement in enzymatic activities of the main molybdoflavoenzymes, including
aldehyde oxidase and xanthine oxidoreductase, which could metabolize many anticancer
drugs and generate nitric oxide, an important factor for tumor progression.[93:128.129]
Similarly, Yang et a/. found that CNTs could be degraded by ROS generated in primary KCs
from rats.[130] The degradation process was driven by peroxidases including horseradish
peroxidase as well as myeloperoxidase (MPO). After the internalization of CNTSs, the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex assembles at the
phagolysosomal membrane after cellular uptake, which transfers electrons to oxygen for

the formation of superoxide anions (oxidative burst). These superoxide anions are further
catalyzed by superoxide dismutase for the formation of H,0O, that is turned into hydroxyl
radical (OHe) by the Fenton reaction. Then the generated OHe radicals attack CNT defects
and unsaturated carbon bonds on the sidewalls of CNTs for the generation of carboxylic
acids, creating holes in the graphitic structure.[130.131] The roles of phase enzymes in

the biotransformation process of NMs in the liver were also supported by Lu et a/[%]

They found few-layer graphene was taken up by liver cells, especially the KCs, after
intravenous injection. At the same time, graphene could induce membrane perturbation

on red blood cells (RBCs), which induced enhanced erythrophagocytosis of the damaged
RBCs by KCs.[%] This triggered the degradation of hemoglobin into hemes and a rise of
iron concentrations in KCs, which triggers the Fenton reaction to generate OHe (Figure 7).
Similar to CNTs, OHe could attack the defects on graphenes in KCs, surprisingly, leading to
the generation of CO,.[% For organic NMs accumulated in the liver, liposomes were found
to be degraded by serum proteins during blood circulation, lipases in cells, or metabolized
by the body, and polymeric NPs were reported to be degraded into constituent monomeric
units and dissociated polymer chains.[4°]

5.3 NMs chemical modifications in a physiological environment

Certain NMs are subject to chemical modifications in the reductive physiological
environment. For example, GOs could be readily reduced in the reduction environment
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in cells, including the presence of GSH, thiol-group containing proteins and enzymes, and
unsaturated lipids, leading to the conversion of epoxy and carbonyl groups to phenolic
groups in macrophages.[132-134] This transformation can change the properties of GOs,
leading to reduced colloidal stability and agglomeration, which results in a significant
reduction in cellular uptake of GOs by scavenging macrophages. Interestingly, in lung
fluids Gamble’s solution, the transformation enhanced the layer-by-layer aggregation of
GOs that led to the precipitation of GOs, causing a reduction in interactions with cells. On
the contrary, GO transformation in artificial lysosomal fluid (ALF) enhanced the adhesion
of large sheet-like GO aggregates on the plasma membrane.[34] Similar phenomenons
could also happen in the liver, and, further detailed studies are required to explore the
transformation and metabolic process of NMs in the liver.

6. NMs clearance from the liver

Sequestration by the liver and cellular uptake by liver cells are balanced by NMs clearance
through MPS, renal, and hepatobiliary systems,[135] which are critical in determining the
dose and bhiopersistence of NMs in the liver as well as their effects. When NMs circulate
in the blood to reach organs or tissues, including MPS, kidney, and liver, the majority of
non-biodegradable NMs are more likely to be taken up and retained long-term in the MPS
for months to years, while the biodegradable NMs can be broken down, disassembled, and
metabolized.[136.137] For NMs less than the glomerular filtration size limit (~5.5 nm), the
majority of them will be filtered out by the kidney and excreted through urine rapidly,
ranging from hours to days.[138] NMs larger than 5.5 nm will stay in the blood circulation
and accumulation in the liver and other organs. For the liver, NMs could be cleared from
the liver by hepatobiliary clearance. Evidence has shown that hepatocytes could excrete
NMs in bulk viaemptying of lysosomal contents into the bile,[2391 which are transited
through bile ducts and stored in the gallbladder, eventually released to the gastrointestinal
tract and eliminated in feces (Figure 8).[9] This clearance route happens at a relatively
slow pace ranging from hours to weeks. In addition, the size, shape, composition, and
surface chemistry of NMs determine the efficiency of the hepatobiliary clearance pathway.
[49,140-142] For example, the mesoporous silica NPs with a low aspect ratio of 1.5 were

found to have a higher hepatobiliary clearance compared to those with a high aspect ratio of
5.[49,142]

The slow hepatobiliary clearance contributes to the accumulation of NMs in the liver for
long periods, which will enhance NMs uptake by liver cells. For example, after exposure
of TiO,, CeO,, or carbon black to C57BL/6 mice, these NMs were all found to translocate
and accumulate in the liver, where they remained within the liver tissue even at 180 days.[8]
Liver accumulation of NMs and cellular uptake by different liver cells will induce cell
type-specific responses.

7. Cell type-specific responses and molecular mechanisms to NMs

exposure

The cellular uptake level of NMs by liver cells has been shown to induce differential
cellular responses. For example, we demonstrated that the uptake of GOs in KCs was
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significantly more than that in LSECs and hepatocytes. This leads to a prominent plasma
membrane lipid peroxidation and adverse effects in KUP5 cells but not in LSECs or
hepatocytes. Furthermore, in graphene-treated mice by intravenous injection, we observed
higher graphene uptake in KCs than hepatocytes. The difference in cellular uptake led to
differential cellular responses, while KCs showed a higher iron content as a result of taking
up and degradation of damaged red blood cells (RBCs) by graphenes, hepatocytes showed
little iron content changes even though they represent a main iron storage site in the body.
[99] This lead to the generation of OHe by Fenton reaction and degradation of graphenes
into CO, in KCs but not in hepatocytes as described above.[?9 In addition, studies found
that CNCs and aggregated MoS, could induce lysosomal damage, cathepsin B release,
NLRP3 inflammasome and caspase-1 activation, and interleukin-1p (IL-1p) production KCs
due to the uptake of NMs by phagocytosis, but not in the non-phagocytotic cells including
hepatocytes or LSECs.[109111] Below we summarized the current knowledge on the cellular
responses of NMs in major liver cell types, including KCs, LSECs, HSCs, and hepatocytes.

7.1 Effects of NMs on KCs

The Kupffer cell, constitution ~10% of all liver cells and 80-90% of all the residential
macrophages in the body, is a major component of the MPS and plays a major role in the
phagocytosis of NMs exposed at sinusoidal blood capillary barriers, modulation of innate
immune responses, and endotoxin removal.[42:137.143-145] K Cs serve as the first line of
defense for NMs by phagocytic removal in the liver, which has a profound impact on liver
functions.[137.144]

7.1.1. Metallic NMs induce oxidative stress-mediated inflammatory
responses and apoptosis—For metallic NMs, different chemical compositions
determined their cellular responses in KCs, as listed in Table 2. Wang et a/. detailed that
the shedding of toxic ions by Ag, CuO, and ZnO NPs induced mitochondrial reactive
oxygen species (MtROS) production and oxidative stress and, leading to GSH depletion,
heme oxygenase-1 (HO-1) expression, and the caspases 3 and 7-mediated apoptotic cell
death in KCs.[105] /,05 is another interesting example, in addition to oxidative stress and
caspases 3/7- mediated apoptosis, which is induced by dissolved V°* ions, it could induce
NLRP3 inflammasome and caspase-1 activation, leading to IL-1p production, which is
attributed to the interference of membrane Na*/K* ATPase activity by V°*ions. Na*/K*
ATPase inhibition leads to the cease of K* pumping into cells, which causes a decrease in
the intracellular K* levels due to the K* leakage through the constitutive potassium leak
channels.[193] A drop in intracellular K* concentrations by potassium efflux or leakage is
a trigger for NLRP3 inflammasome activation as discussed above. Furthermore, Mirshafiee
et al. showed the pro-oxidative TMOs (e.g., Mn,O3 and Co304) induced the activation of
caspases 3/7 in KCs, resulting in apoptotic cell death because of their conduction band
energy overlaps with biological redox potential, which causes electron transfer to TMOs
from biological molecules, triggering oxidative stress in cells (Figure 9).[7] In addition,
Cho et al. showed that the uptake of 13 nm PEG-coated AuNPs in primary KCs played
an important role in inducing oxidative stress, inflammation, and apoptosis in the liver of
BALB/c mice.[146]
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7.1.2. 2D MoS; induces apoptotic inflammatory responses and cell death—
MoS,, a representative of 2D TMD, consists of a molybdenum sheet bonded on both sides
by sulfur layers.[147:148] |t is generally considered safe and it has been used to develop drug
carriers due to its large surface area and biocompatibility, however, recent data showed that
it could lead to cytotoxicity.[93:149.150] Similar to metallic NMs, the dissolution of MoS,

is associated with cellular responses. Li ef al. reported that the dissolution and the release
of hexavalent Mo(V1) were responsible for the generation of oxidative stress, activation

of caspases 3/7, and apoptotic cell death in KCs. Additionally, the phagocytosis of the
aggregated form (MoS,-Agg) could trigger lysosomal damage, cathepsin B release, and
NLRP3 inflammasome and caspase-1 activation, leading to IL-1p and I1L-18 production in
KCs. Despite the caspase-1 activation, KCs did not undergo pyroptosis. Instead, similar to
V,05 NPs,[105] MoS,-Agg induced apoptosis, this is because of the earlier onset of caspase
3/7 activation, while the caspase-1 activation happened later.[!1] Cao er a/. also showed
the sequestration of protein-coated 24.5 nm MoS,@HSA nanocomplexes by the KCs and
the long-term accumulation of MoS, nanodots in the mouse liver. In addition, MoS, was
oxidized and degraded in the KCs, and the dissolved molybdenum ions were chemically
transformed from Mo(IV) to Mo(VI1) and used for biosynthesis of molybdenum cofactors
(Moco) in hepatocytes as we discussed above.[®3] Furthermore, Yu er a/. have demonstrated
the induction of pro-inflammatory and apoptotic responses (e.g., IL-1B, IL-6, and AlF gene)
in the livers of adult zebrafish by chitosan-functionalized MoS, micro-sheets.[150] Thus,
much attention should be paid to the adverse effects induced by MoS, NMs for developing
safer nanoapplications.

7.1.3. GOs and MOx NMs-induced inflammatory responses and GSDMD-
mediated pyroptosis—GO is an oxidized graphene derivative with a large surface area,
high flexibility, and excellent dispersibility, which are useful for biomedical applications.
[12] GOs have been shown to accumulate and induce toxicity to liver cells.[31.78] For
example, Li et al. found that GOs were taken up into KCs through phagocytosis, which
triggered NADPH oxidase-mediated plasma membrane lipid peroxidation, inducing the
activation of phospholipase C (PLC) to cleave phosphatidylinositol 4,5-bisphosphate (PIP2)
into diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 mobilized intracellular
calcium stores and induced mtROS generation when mitochondria absorb excessive or
sustained calcium release from the endoplasmic reticulum (ER). Mitochondrial damage

by mtROS could lead to mtDNA release and global oxidative stress in cells, activating
NLRP3 inflammasome and caspase-1, leading to IL-1p release and cleavage of GSDMD.
The resulting N-terminal GSDMD fragments could translocate to the plasma membrane,
where oligomerization leads to pore formation, cellular swelling, and cell death (Figure
9).197.151-153] |t also showed that the lateral size of GOs played a key role in GO-

induced pyroptosis, where the large-sized GOs showed strong effects than small ones.

1971 Furthermore, Zhang et al. showed that GO was taken up by KCs in mouse liver
sections, which induced ROS production, TLR-4 activation, and macrophage polarization,
and secretion of pro-inflammatory cytokines IL-1f. In addition, GO-L (500-2000 nm)
induced higher IL-1p production by primary KCs and in the liver homogenates compared to
GO-S (50-200 nm).[%8] Furthermore, Li et a/. found GO could induce pyroptosis in various
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macrophages cell lines in addition to KCs, suggesting GO-induced pyroptosis could be a
universal feature for all macrophages.[97]

In addition, Mirshafiee et al. detailed the REOs-induced pyroptosis in KCs. As we discussed
above, REOs (e.g., Gd,03, Lay0O3, and Y203) undergo biotransformation in KCs, which
induce lysosomal damage, and NLRP3 inflammasome and caspase-1 activation. Caspase-1
will cleave GSDMD and trigger pyroptosis in KCs (Figure 9). Similar to GOs, REOs-
induced pyroptosis was also confirmed in multiple macrophage cell lines, suggesting it is a
universal feature.[]

Different from GOs and REQOs, Wang et al. reported another mechanism of NMs-induced
pyroptosis. Fumed SiO, does not undergo cellular uptake, instead, they bind to the plasma
membrane due to their chain-like structures. The binding leads to membrane perturbation
and potassium (K*) efflux because fumed silica NPs have abundant silanol groups on the
particle surface that are capable of generating ROS, which leads to K* efflux and NLRP3

inflammasome activation, eventually resulting in pyroptosis as discussed above. (Figure 9).
[105]

7.1.4. CNTs and nanocellulose induced ROS-mediated inflammatory
responses and apoptosis—CNTSs have been one of the most studied NMs due to their
high tensile strength, large surface area, and high conductivity, however, their fiber-like
structure raised concerns on the potential hazards to humans because of the similarity

to asbestos.[1516] Many studies reported that both SWCNTs and MWCNTSs could be

taken up into KCs through phagocytosis, triggering oxidative stress. This in turn induced
inflammatory cytokines, such as IL-1p, interleukin-6 (IL-6), and tumor necrosis factor-a
(TNF-a) as well as apoptosis. (Table 2).[106:130.154] The mechanism involves the cellular
uptake, lysosomal damage, and activation of the NLRP3 inflammasome (Figure 9). The
receptors responsible for CNT uptake have also been identified. Singh ef a/. found that the
cellular uptake of CNTSs in a murine macrophage RAW264.7 cell line was mainly mediated
by scavenger receptors and charge-dependent, although non-scavenger receptor-mediated
mechanisms could also be engaged at low CNT concentrations.[106]

The surface properties of CNTSs play a major role in cellular responses. Higher surface
carboxyl density leads to reduced cytotoxicity of MWCNTSs while hydrophobic surface
increases ROS production.[134] Surface modification of MWCNTS with biocompatible
polymers could reduce these responses and subsequent adverse effects.[1%] Zhang et

al. found that the phagocytosis of MWCNTS functionalized with polyethylene glycol
(MWCNTSs-PEG) induced weaker ROS-mediated pro-inflammatory responses in the model
for liver KCs, RAW 264.7 cell line, compared with those MWCNTSs functionalized with
carboxylation (MWCNTs-COOH).[106] As we mentioned above, CNTs can be degraded
by KCs, thus the adverse effects of CNTs will decrease as well. For example, Yang et al.
reported that CNTs in RAW 264.7 and primary rat KCs were degraded by approximately
25-30% within the first 4 days after uptake. Meanwhile, the generation of ROS was
attenuated and glutathione levels were recovered as CNTs degradation occurred.[130]
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Nanocellulose has been widely used to develop drug carriers, 3D cell culture, antimicrobial
materials, and tissue repair and regeneration because they are generally considered
biocompatible.[18.156-158] However, nanocellulose as drug carriers have been reported to
accumulate in the liver and induce adverse effects. For example, the nanocellulose modified
with oxalate ester (NCD) has been reported to induce significant hepatotoxicity with the
elevated AST, ALT, myeloperoxidase, inflammation-related iNOS, and apoptosis-related
Bax protein expression in the liver of rats.[15%] The mechanism of hepatoxicity at the cellular
level has been also reported. Li ef a/. found that the phagocytosis of CNCs by KCs induced
ROS production in mitochondria, caspases 3/7 activation, and apoptotic cell death (Figure
9). Although the phagocytosed CNCs also triggered lysosomal damage and cathepsin B
release, triggering NLRP3 inflammasome and caspase-1 activation, they did not induce
pyroptosis. Similar to V,05 and MoS, mentioned above, this is due to the differences in the
activation time in which CNCs induced early onset of caspase 3/7 activation while caspase-1
was activated at a later time.[2091 Furthermore, the length of nanocellulose played a vital role
in the effects in KCs. Shorter nanocellulose (CNCs) can induce stronger apoptotic cell death
than longer nanocellulose (CNFs), and the CNC with ~280 nm length (CNC-2) showed the
most significant effects due to the highest cellular uptake in KCs.[109],

7.1.5. Upconversion NPs-induced autophagy—Zzhu et al. found that rare-earth-
based upconversion nanoparticles (UCNPs) including NaYF4:18%Yb, 2%Er induced the
enlarged autolysosomes and pro-death autophagy in primary mouse KCs as well as liver
toxicity in mice, which was likely due to the induction of autophagic cell death by ER
stress in KCs (Table 2). They also revealed the inhibition of KC autophagy may constitute
a novel strategy for abrogating NM-elicited liver toxicity.[16%] Li er a/. also showed rare
earth materials, a major component of UCNPs were also able to induce autophagosome
accumulation in macrophages by disruption of autophagy flux.[261] The mechanism of
rare earth-induced autophagosome accumulation involves interference in the fusion of
autophagosomes with lysosomes, in part because of the biotransformation process as we
discussed above, which has negative impacts on lysosomal alkalization and phosphoprotein/
enzyme function. The result of inhibition on autophagy flux results in the accumulation

of activated NLRP3 inflammasome in cells, which leads to exaggerated IL-1f production.
In addition, the biotransformation of UCNPs affected its optical properties, resulting in a
reduction of the fluorescence intensity. Surface coating of UCNPs with phosphonate could
reduce the dissolution, biotransformation, and NLRP3 inflammasome activation as well as
maintain the optical property of UCNPs.[162]

Effects of NMs on LSECs

LSECs, making up 21 % of the total number of liver cells, are also an important part

of the MPS.[112.113] Although the LSECs make up only about 3% of the total liver cell
volume, their surface in a normal adult human liver is about 210 m.[112] LSECs have a high
capacity of clathrin-mediated endocytic activity, which plays a central role in the clearance
of blood-borne waste and innate immunity.[43:163.164] | SECs could take up NMs through
active endocytosis into cells.[81]
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To date, there are only a few studies on the effects of NMs on LSECs (Table 3). Among
the studies, Nishimori ef a/. demonstrated that 70 nm silica NPs increased ALT levels in
the liver and induced LESCs-mediated liver injury in a dose-dependent manner.[165] |_j
et al. found that GOs induced cytotoxicity in the immortalized SV40-transformed mouse
LSECs only at a high concentration (100 pug/mL), although these cells were able to take
up small-sized GOs by clathrin-mediated endocytosis.[971 The reason for the insensitivity
of LSECs to GOs compared to KCs is still not clear. Additionally, Tee et a/. showed

that TiO, NPs were rapidly internalized into the human hepatic sinusoidal endothelial
cells (HHSECsS), increasing endothelial permeability and inducing cellular shrinkage. This
transient endothelial leakiness was induced by a reduction of Akt activation in liver
sinusoids. However, TiO, NPs-induced endothelial leakiness was not accompanied by
significant oxidative stress or a decrease in cell viability.[166] More studies need to be
performed on LSECs /n vitroand in vivo.

Effects of NMs on HSCs

HSCs, representing 5-8% of the total number of liver cells, are mesenchymal cells in

the space of Disse.[167] Upon liver damage, HSCs are activated by differentiating into
myofibroblasts, migrate to the site of wounding, and begin depositing extracellular matrix
(ECM), which are pivotal for the development of liver fibrosis.[®:167]1 When NMs reach the
space of Disse after passing through the fenestration of the LSEC layer in the liver, they will
come into contact with HSCs, which may induce cell activation, leading to liver fibrosis or
other adverse effects.

There are limited studies on the effects of NMs on HSCs. For metal NMs, Sun et a/.

found that the uptake of Ag NPs in primary rat HSCs induced significant alterations of cell
morphology, including rupture of the cell membrane, swelling of cell and cell organelle,
and formation of microvesicles. This also leads to the inhibitions on the production of
matrix metallopeptidase (MMP)-2 and MMP-9, and induction of apoptosis or necrosis in a
size- and dose-dependent manner, with the smaller NPs showing stronger effects at higher
concentrations.[168] Additionally, Osmond-McLeod et a/. reported that ZnO NPs induced
significant cytotoxicity in primary human HSCs through an initial activation of cellular
stress and injury responses, followed by dysregulation of the transcriptome, alterations in
cellular function, and induction of apoptosis or senescence.[1691 These responses may be
mediated by the phosphorylated c-JUN and p38 proteins and the activated caspase 3/7.
Expectedly, the presence of surface coatings reduced these adverse effects due to reduced
dissolution. For carbon NMs, Chen et al. reported that GO and rGO flakes showed growth
inhibition on human HSCs at a high concentration (> 31.25 pg/mL).[208] The mechanism of
the cellular response is unclear. (Table 4)

7.4. Effects of NMs on hepatocytes

Hepatocytes, making up more than 90% of the total liver volume and as high as 60-80%

of the total number of liver cells, perform important roles in protein synthesis, metabolic,
endocrine, secretory, and detoxification functions.[46:4%1 When NMs cross the LSEC layer
through the fenestrations to reach the space of Disse in the liver, they will come into contact
with hepatocytes (Figure 10).[81]
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7.4.1. Metallic NMs induce oxidative stress-mediated inflammatory
responses and cell death—Many studies have shown that metallic NMs induced
significant effects in hepatocytes, including oxidative stress-mediated cell death and
inflammatory responses (Table 5). For example, Gaiser et al. reported that the uptake of
Ag NPs could affect hepatocyte function by reducing albumin release, which was highly
cytotoxic to hepatocytes following the 7n vivo exposures of female Wistar rats and /n vitro
exposures of human hepatocyte cell line C3A. Importantly, they also observed the similar
effects of Ag NPs on the increase of IL-8/macrophage inflammatory protein 2, IL-1RI, and
TNF-a expression in both models.[170] The uptake of Au NPs in the liver also provoked
protein carbonylation, lipid peroxidation, DNA damage, and time-dependent adverse effects
without any inflammatory responses in the HepG2 cell or Wistar rat model.[171] Wang et
al. showed that the exposure of Cu NPs to primary hepatocytes dramatically decreased cell
viability due to the oxidative stress-mediated apoptotic and necrotic cell death.[172]

Similar to metal NMs, metal oxide NMs could induce adverse effects on hepatocytes.[173]
For example, Wang et a/. reported that CuO, ZnO, and V,05 NPs underwent dissolution,
leading to shedding of >10% of the ions and ROS production, inducing caspases 3/7-
mediated apoptosis in Hepa 1-6 cells.[105] Both the uptake of TMOs (e.g., Mn,03) and
REOs (e.g., Gd,03) in Hepa 1-6 also induced cellular shrinking, caspases 3/7 activation,
and apoptotic cell death.[”] In addition, NMs induced oxidative stress-mediated apoptosis in
hepatocytes is generalizable in many hepatocytes including primary rat hepatocytes, catfish
primary hepatocytes, HepG2 cells, and Hepa 1-6 cells,[174] as listed in Table 5. Furthermore,
several studies have reported the inflammation in the liver and the necrosis in hepatocytes
under the treatment of Fe,O3, PbO, or ZnO NPs in animals.[67:175-177]

7.4.2. Metallic NMs induce autophagic cell death—Metallic NMs could also
induce autophagy in hepatocytes. For example, Saowalak et a/. found iron(l11)-tannic
complexes (Fe—TA NPs) induced autophagosomes formation (double-membrane vesicle
within the cells), increased LC3 expression, a specific marker for the early stage of
autophagy, and triggered autophagic cell death.[178] However, the normal rat hepatocytes
(AML12) had less uptake of Fe—TA NPs induced autophagy but no cell death. The reason

is still not clear. Similarly, silica NPs were found to induce autophagy dysfunction and
autophagic cell death in HepG2 cells or L-02 normal human hepatic cell lines through
lysosomal impairment and inhibition of autophagosome degradation.[179.180] Fyrther studies
are needed to clarify the detailed mechanism of autophagic cell death in hepatocytes.

7.4.3. Carbon NMs induce inflammatory responses and apoptosis—Many
studies have been shown that CNTs induced significant adverse effects on hepatocytes.
Yuan et al. found the oxidized SWCNTSs with a length of 1000-2000 nm and a diameter
of 1-6 nm triggered oxidative stress and interfered with intracellular metabolism, protein
synthesis, and cytoskeletal systems in HepG2 cells. They also found that the oxidized
SWCNTs elevated ROS levels, perturbed cell cycles, leading to a significant increase

in apoptotic cell death likely mediated by the p38 signaling pathway and the activation
of the nuclear factor kappa B (NF-xB) pathway.181] Kermanizadeh et a/. found that
MWCNTSs with different lengths and diameters were both uptakes by the primary human
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hepatocytes and C3A cell line, resulting in IL-8 production and cytotoxicity at a higher
concentration (>5 pg/cm?). Furthermore, a higher level of cytochrome P450 activity was
found in the untreated primary cells compared with the C3A cell line.[82] For inflammatory
response, Ji et al. demonstrated the Tween-80-dispersed MWCNTSs (T-MWCNTS) induced
mitochondria destruction, oxidative damage, gene expression change of CYP450 and TNF-
a, and hepatotoxicity in mice.[183] These effects may be mediated by the P450 pathway and
NF-xB signaling pathway.

The adverse effects of GOs and rGOs on hepatocytes have been shown in many studies.
Chatterjee et al. reported that after exposure to HepG2 cells, GOs with an average thickness
of 6 nm, a height of 20 nm, and lateral size distribution of 40 nm induced NADPH oxidase-
dependent ROS formation, oxidative stress, DNA damage, deregulation of antioxidant/DNA
repair/apoptosis-related genes, and cell death. The subsequent global gene expression and
pathway analysis demonstrated that the GO effects were attributed to TGFp1-mediated
signaling.[184] In addition, they also found that the hydrophobic rGO was mostly adsorbed
on the cell surface without internalization. This induced higher oxidative stress, stronger
DNA damages, and apoptosis, etc.[184] The innate immune response through TLR4-NF«xB
pathway might be responsible for these cellular responses.

7.4.4. Nanocellulose induced oxidative stress and apoptosis—Although
nanocellulose is generally considered to be biocompatible (no or low cytotoxicity), recent
studies reported that nanocellulose materials could induce adverse effects in hepatocytes. It
has been reported that nanocrystalline celluloses could induce the loss of cell viability in
rainbow trout hepatocytes.[185] Also, Li er a/. described the length-dependent cellular uptake
and cellular responses of nanocellulose in Hepa 1-6 cells. The ~280 nm length CNC showed
the highest uptake by the mouse hepatocyte cell line through clathrin-mediated endocytosis,
inducing significantly higher mtROS generation and caspases 3/7-mediated apoptotic

cell death.[20%] This information provides useful information for the safe application of
nanocellulose materials.

We summarized the cell-type-specific responses induced by various NMs in liver cells in
Figure 11. This includes the higher uptake of NMs through phagocytosis by KCs, which
could induce apoptosis or pyroptosis depending on the particle types. LSECs generally
have lower NMs uptake through endocytosis, showing no significant cell death. However,
HSCs also showed lower NMs uptake through endocytosis, which could lead to apoptosis.
Similarly, hepatocytes also showed lower uptake of NMs by endocytosis, which could
engage diverse cell death mechanisms including apoptosis, necrosis, and autophagic cell
death.

In general, most organic NPs including liposomes and polymeric NPs are considered to
be biocompatible with low liver toxicity.[25] Although these NPs are also accumulated in
the liver, they are readily degraded in the MPS or other tissues and organs. The safety
concern is mainly from the payload, e.g., the burst release of drugs causing severe liver
toxicity.[186] The impact of these organic NPs on the adverse effects of model drugs has
only been recorded in a few cases.[122] In recent years, researchers have developed hybrid
materials that have organic and inorganic components. For example, lipid bilayer-coated
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mesoporous silica nanoparticles (LB-MSNP) as drug carriers showed a much slower rate
of payload release in the liver, which dramatically reduced the liver toxicity induced by
liposomes carrying irinotecan, a key anticancer drug for pancreatic ductal adenocarcinoma
(PDAC).[187]

8. Utilization of nano-liver interaction to treat diseases

Understanding the cell type-specific uptake and responses as well as the molecular
mechanisms in the liver will facilitate the development of safer NMs applications. This
includes treating liver conditions by using the NMs’ liver accumulation tendency to improve
cancer and other diseases’ treatment (Figure 12).

8.1. Treating liver conditions by the utilization of NMs liver accumulation

Many NMs accumulate in the liver, which is beneficial to develop nanomaterials as a drug
to treat or improve liver conditions.[122.188] This includes the utilization of NMs to treat
liver diseases including liver cancer, NAFLD, and hepatic fibrosis as well as enhancing drug
bioavailability and biocompatibility through liver-targeting LNP delivery systems (Table 6).

8.1.1. Treating liver cancer by NMs—Hepatocellular carcinoma (HCC) is the most
common type of primary liver cancer, which is more common in people who drink excessive
alcohol or have an accumulation of fat in the liver.[188] A large number of metallic NMs
have been reported to suppress HCC. For instance, ZnO NPs were found to inhibit the /n
vitro growth of the HCC cells as well as confer protective effects against diethylnitrosamine
(DEN)-induced HCC /n vivo by attenuating the elevated serum levels of HCC-related tumor
markers alpha-fetoprotein and alpha-I-fucosidase and the apoptotic marker caspase-3.[189]
Similarly, Au, Ag, and Ag-Au alloy NPs also can protect against DEN-induced HCC

in rats through a reduction in tumor volume, blood hepatic biochemical markers, and
improvement in liver architecture possibly via regulating oxidative stress by the NF-xB
pathway.[190.191] Also, the low-density lipoprotein-docosahexaenoic acid (LDL-DHA) NPs
have been demonstrated to selectively trigger ferroptosis in both human HCC cells and

rats by lipid peroxidation, depletion of glutathione, and inactivation of the lipid antioxidant
glutathione peroxidase-4 (GPX4).[192] Although these nanoparticles have shown anti-cancer
effects, the application for cancer therapy is still a long shot due to the limitations on
delivery, specificity, efficacy, etc.

8.1.2. Treating NAFLD and hepatic fibrosis by NMs—NAFLD is the most common
form of chronic liver disease, affecting about one-quarter of the population in the United
States.[73] The therapeutic effects of NMs on NAFLD have been reported.[] For example,
CeO5, NPs are strong antioxidants and capable of scavenging ROS in NAFLD-afflicted
hepatocytes. Studies also found that CeO, NPs could reduce fatty acid content by
stimulating fatty acid (FA) metabolism in vitro,[193] and induce a reduction in NAFLD
markers like steatosis, inflammation, and portal hypertension, lipid droplet size and content,
FA concentrations, and the expression of NAFLD-signaling pathways in vivo.[194-1%] |n
addition, ZnO NPs showed potential in the treatment of high-fat-diet fed (HFD)-induced
hepatic steatosis and peripheral insulin resistance.[197] For example, Dorge et a/. reported
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that ZnO NPs decreased high-fat-diet fed (HFD)-induced hepatic steatosis and peripheral
insulin resistance through hepatic SIRT1-LKB1-AMPK which restricted SREBP-1c within
the cytosol limiting its transcriptional ability in obese mice or HepG2 cells.[197]

In addition, Peng et al. showed TiO, and SiO, could block liver fibrosis and the associated
phenotypes through their effects on the LX-2 human stellate cell line. They also found

the internalized TiO, and SiO, NPs significantly suppressed the expression of a-smooth
muscle actin (a-SMA) and the deposition of collagen I (Col-1) induced by TGF-B. The up-
regulation of MMP-13 and down-regulation of tissue inhibitors of MMPs (TIMP-1) further
improved the degradation of ECM, leading to a decrease in adhesion of TGF-B-activated
LX-2 cells.[198] Furthermore, these NPs could reduce the migration of TGF-B-activated
LX-2 cells.[198] Their results showed that TiO, and SiO, could potentially be used to treat
hepatic fibrosis.

8.1.3. Treating liver diseases by organic nanoparticles—LDL-DHA NPs have
been demonstrated to selectively trigger ferroptosis in both HCC cells and rats.[192] LNPs
have received much attention recently in light of their successful use in COVID-19
vaccines to deliver the mRNA of spike proteins. LNPs have also been used as drug

carriers due to advantages including controlled drug release, targeting ability, increased
drug stability, and safety profiles.[1%9] It has shown that the LNP delivery systems could
enhance drug bioavailability as well as increase its biocompatibility in the liver. For
example, the triptolide-loaded solid lipid nanoparticle (TP-SLN) was found to enhance the
anti-inflammatory activity of triptolide while avoiding triptolide-induced adverse effects in
the liver, including oxidative stress, lipid peroxidation, DNA damage, ALT and AST release,
and apoptotic/necrotic cell death.[200]

Improving therapeutic efficacy by liver cell-type-specific uptake

Various organic NMs including liposome and polymer-based nanoparticle carriers have
shown promise in the targeted delivery of therapeutics (drugs, proteins, and nucleic acids)
for the treatment of liver diseases, including hepatitis B virus (HBV) infection, liver fibrosis,
and HCC.[188] This section is focused on the recent findings on cell-type-specific targeting
of nanoparticle therapeutics for cancer and other diseases (Figure 12).

8.2.1. Improving the cancer therapeutic efficacy by reducing the liver
accumulation—Although NMs have been widely used as drug carriers for the treatment
of cancer, only limited numbers of nanomedicines have advanced to clinical use due to

the low delivery efficiency (less than 0.7%) of these NMs to target sites.[6:20] This is
ascribed to sequestration or clearance of NMs by the MPS, including KCs in the liver. One
widely used approach is the use of PEG on a nanoparticle surface to reduce uptake by MPS
and the liver.[292] For example, Doxil is the FDA-approved doxorubicin encapsulated in a
liposome. The presence of PEG on the surface of the liposomal carrier has been shown

to extend blood circulation time while reducing MPS or RES uptake, which is also called
stealth nanoparticles.[95:203] This technology has resulted in a large number of nanoparticle
formulations encapsulating active molecules, with high target efficiency and activity.[202:203]
However, even in the presence of PEG, there is still substantial liver accumulation of
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NPs, which could explain the low efficacy of clinical anti-cancer formulations such as
Caelyx®, Myocet®, and Onivyde®.[115] Chan et a/. proposed that it is possible to reduce
the accumulation of nanocarriers by saturation of the KCs by using a decoy nanoparticle
first.[115] For example, Ouyang et a/. showed that NP doses beyond the available binding site
threshold in KCs could reduce liver clearance and prolong circulation time. They showed
that administering sufficient NPs (more than 1 trillion) could overcome the threshold of

KC uptake in the liver, resulting in enhanced tumor accumulation, which enhances the
therapeutic efficacy in 4T1 tumor-bearing BALB/c mice.[115] The effectiveness of this
strategy requires further testing.

8.2.2. Treating allergy and autoimmune diseases by targeting the natural
tolerogenic liver microenvironment—The liver is maintaining an immune tolerant
environment to prevent inflammation and allergic responses induced by the constant
bombardment of bacterial materials such as LPS and foreign proteins from food sources
coming from the gut to the portal vein.[44.112.163] |n addition to the well-recognized roles of
KCs, HSCs, and hepatocytes in immune tolerance, LSECs are increasingly recognized to be
a major player.[43:80.164,204] | SECs have been shown to have a higher endocytotic activity
than any other cell type and they can rapidly endocytose NMs through several families

of endocytotic receptors: stabilin-1, stabilin-2, scavenger receptors, mannose receptor, and
FcyRI1b2.[163.205] Although much of the clearance of blood-borne NMs was previously
attributed to KCs, in recent decades it has become clear that LSECs and KCs play a
complementary role in this process. LSECs are also increasingly recognized as a major
antigen-presenting cell type in the liver, which can capture and present foreign antigens
through the major histocompatibility complex (MHC)-11 complex, and release TGF-p as
well as IL-10 to direct the differentiation of naive T-cells into regulatory T-cells (Tregs)
that can suppress antigen-specific immune responses.[43:206] Designing the tolerogenic

NPs that introduce antigens into natural tolerogenic environments, including LSECs, can
be used to accomplish antigen-specific immune tolerance in allergic and autoimmune
diseases, including food allergy, anaphylaxis, asthma, rheumatoid arthritis, systemic lupus
erythematosus, and type 1 diabetes (Figure 13).1207-210] For example, Liu et a/. reported
that the intravenous injected polymeric PLGA-NPs decorated with apolipoprotein B peptide
(ApoBP) ligand could deliver the antigens or epitopes to LSECs through endocytic uptake,
inducing the generation of Foxp3* regulatory T cells (Treg), which is a powerful T cell that
induces antigen-specific immune tolerance in allergic lung inflammation and anaphylaxis
models.[206.211] The yse of the polymeric NP platform targeting LSECs could also be
possible for treating autoimmune diseases, which requires future research.

8.2.3. Alleviating liver fibrosis by targeting HSCs—The HSCs play a vital role in
the process of liver fibrosis.[212] The activated hepatic stellate cells (aHSCs) are the main
effector cells for liver fibrosis through the ECM production in response to chronic liver
injuries.[167.213-215] Hydrophilic NMs less than 200 nm can be captured by HSCs. One
study showed that 130~150 nm hydrophilic lipid—protamine-hyaluronic acid (LPH) NPs
modified with aHSC-targeting aminoethyl anisamide (AEAA) and encapsulated the relaxin
gene and miR-30a-5p mimic could preferentially target activated HSCs in the fibrotic liver.
It has been also shown to achieve synergistic antifibrosis effects in models of mouse liver
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fibrosis with the decreased a.-SMA expression and collagen content in the liver.[216] This
provides a proof-of-concept approach to the alleviation of liver fibrosis.

8.2.4. Improving gene therapy efficacy by targeting hepatocytes or LSECs
using LNPs—Genome editing technologies have emerged as a potentially powerful
therapeutic tool to treat diseases with a genetic etiology.[1221 However, the application of
this technology has been limited by the technical challenge of achieving safe, effective,
and specific /n vivo delivery of the genes such as the CRISPR-Cas9 genome editing
components. LNPs play a vital role in delivering messenger RNA (mRNA), short interfering
RNA (siRNA), DNA, or gene-editing complexes, which provide opportunities to treat
hepatic diseases through silencing pathogenic genes, expressing therapeutic proteins, or
correcting genetic defects.[204] The LNP systems containing mRNA have been shown

to target the liver as a bioreactor and produce therapeutic proteins, such as monoclonal
antibodies and hormones following i.v. administration.[217] The recently developed LNP-
mediated CRISPR-Cas9 delivery system based on nano-liver interactions specifically
delivered Cas9 mRNA and target SJRNA to liver hepatocytes of wild-type mice, resulting
in a median editing rate of 38.5% and a corresponding 65.2% reduction of a target
protein.[218] Importantly, the adverse effects in the liver or off-target mutagenesis were

not observed in this system, offering a clinically viable approach for liver-specific delivery
of genome editing tools. Furthermore, similar to previous nano-liver interactions, Akinc et
al. investigated the mechanism of cellular uptake of LNPs by hepatocytes, they reported
the adsorption of serum ApoE on the surface of LNPs was a major effector facilitating

the intracellular delivery of LNPs into hepatocytes through low-density lipoprotein (LDL)
receptors.[219] Also, the NP size was found to be heavily influenced by the gene delivery
efficacy of LNPs during blood circulation.[220] |t has been shown that the LNPs with a
size less than 80 nm can efficiently pass through liver fenestrae and LNPs with ionizable
cationic lipid pKa value around 6.4 and near-neutral surface charge could help to prevent
sequestration by the MPS, and avoid immune stimulation and adverse effects.[122.124]

In addition to delivering to hepatocytes that are often associated with diseases in metabolism
and endocrine dysfunctions, other liver cell types including LSECs that are closely related
to liver fibrosis and cirrhosis can also be targeted by LNPs.[65:112.221.222] For example,

the larger LNPs that cannot penetrate through the fenestrae could be delivered to LSECs
and induce the target gene silencing. Furthermore, the size and composition of LNPs

were important for endothelium-specific delivery.[2231 However, the development of LNP
formulations for selective delivery of RNA into certain types of liver cells remains the main
challenge. Recently, Kim et al. successfully showed a liver cell type-specific delivery and
demonstrated the targeted delivery of RNA into hepatocytes and LSECs by controlling the
size of LNPs, PEG-lipid content, and incorporation of active targeting ligands.[124] This cell
type-specific delivery of RNA by LNPs may shed light on developing new gene therapies.

While substantial progress has been made in the delivery of nucleic acid, knowledge
regarding the mechanism of LNP-mediated adverse effects in vivo has been limited. For
example, Sato et al. reported that the hepatotropic LNP induced liver effects following the
intravenous injection of a high dose, which could be attributed to the accumulation of the
LNPs in LSECs. They found induction of the pro-inflammatory cytokines, and neutrophil
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recruitment, and neutrophilic inflammation. Furthermore, maximization of the hepatocyte-
specificity of the LNPs by modification with both GalNAc ligands and PEGs enhances the
safety without any loss in delivery efficiency. As a result, a single injection of the newly
designed LNPs was found to show strong and durable inhibitory effects on HBV without
any sign of the adverse effect.[224] Furthermore, Jackson et a/. identified platelet-activating
factor (PAF) release from KCs as a critical mediator of siRNA nanocarrier toxicity, and PAF
receptor inhibition could serve as an effective approach for increasing the tolerated dose

of siRNA nanocarriers.[223] This indicates the potential to develop safe nanoproducts and
nanomedicine by the utilization of nano-liver interactions.

In 2018, the U.S. Food and Drug Administration had approved Onpattro® (Patisiran),

a lipid nanoparticle-based siRNA drug that acts by inhibiting the synthesis of the
transthyretin (TTR) protein in hepatocytes in the liver, to treat the peripheral nerve disease
(polyneuropathy) resulted from the hereditary transthyretin-mediated amyloidosis (hATTR)
in adult patients.[217.226] The success of Onpattro® opened new avenues for the clinical
translation of LNP nanomedicines containing nucleic acid-based drugs to enable many novel
therapeutics based on silencing or expressing target genes.

9. Conclusions and perspectives

Widespread use of NMs in commercial products and biomedicine will lead to increased
human exposure, resulting in the potential accumulation of NMs in the liver. Thus

a good understanding of nano-liver interactions will be critical for developing safer
nanoapplications. Although it is still in its infancy, substantial evidence has been
accumulated. We showed a comprehensive review of this issue including the unique liver
structures and functions, diverse cell types, cellular uptake, transformation, clearance, and
effects, as well as the molecular mechanisms involved induced by representative NMs
with different physicochemical properties. We highlighted the cell type-specific uptake
and responses after NMs exposure to the liver. We can use this knowledge on nano-liver
interactions to develop safer and more effective NMs for nanoproducts and biomedical
applications such as treating cancer and liver disorders.

Still much needs to be done on understanding the nano-liver interactions at the cellular
levels. Our understanding of the interactions /n vivois hindered by the complexity of the
liver structure, function, and diverse cell types. In addition, the current animal dominant
toxicity testing approach is time-consuming, prohibitive in cost, and logistically impossible
to perform considering the number of hanomaterials is well over 4500 by Nanowerk
without counting additional functionalizations.[227-229] Furthermore, considering the 3Rs-
replacement, reduction, and refinement in animal research, we have to develop reliable /n
vitro models that are based on the mechanism of action, which have been shown to be
more predictive of /n7 vivo outcomes. To speed up the discovery and establish a predictive
paradigm, high-throughput screening (HTS) should be used and bioinformatics will facilitate
the development of nano structure-activity relationships (hano-SARS) because there are so
many NMs with diverse physicochemical properties.[228.229] Currently, 2D hepatocyte cell
culture, a single layer of cells attached to a plastic surface and submerged in the cell culture
medium, is still widely used for liver toxicity evaluations. However, hepatocytes under 2D
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cell culture will rapidly lose their original cell morphology and function, and using these
cells for NMs screening will not reflect the hepatocyte responses /7 vivo. Moreover, the
liver tissue is composed of diverse cell types with unique spatial distribution, the single-cell
type 2D culture will not reflect the complexity of cell-cell interactions in the liver. The
emerging 3D cell culture comprises single or multiple cell types (e.g., KCs, LSECs, HSCs,
and hepatocytes) in the form of liver spheroids or liver microtissues could maintain the
hepatocyte function for longer times and mimic the smallest functional unit of the liver.
[230-232] The 3D liver spheroids provide a morphological and functional analog to liver
tissue and are better /in vitro safety screening models to comprehensively study the effects
of NMs and more accurately predict liver responses to NMs in vivo. However, this is not to
say 3D spheroid could replace /in vivo animal testing, the idea is that when certain NMs are
identified to have potential adverse effects /n vitro, limited but focused animal studies should
be performed to validate the results obtained using 3D spheroids.

Most of the studies on the liver is focusing on known mechanisms or common endpoints
such as cell viability, oxidative stress, inflammation, biomarkers, histology, etc., which

is not an unbiased approach to gain new insights. Recent technological advances in

high throughput multi-omics such as single-cell RNA sequencing (SCRNASeq) provide
revolutionary opportunities to build a comprehensive and clearer map of the mechanisms of
NMs effects in a global unbiased manner at an unprecedented single-cell resolution.[233.234]
This map will enable us to identify new pathways or mechanisms of toxicity.[235.23¢]
Another example is metabolomics, which is a powerful analytical methodology for studying
a broad range of metabolites in the context of physiological stimuli or disease states,[237]
may aid in the understanding of direct cellular phenotypes induced by NMs and lead to new
biomarker discovery that is complementary to genomics, transcriptomics, and proteomics.
[235,238] | addition, liquid chromatography with mass spectrometry (LC-MS)-based
metabolomics has been shown to be highly sensitive to detect subtle metabolomic changes
when functional cellular assays show no significant difference.[23%] These technological
advancements will facilitate our understanding of nano-liver interactions.

Currently, although there are many /n vitroand in vivo studies that have evaluated the
potential adverse effects of NMs on the liver,[33:34.240] the comparison among the different
reports is often difficult due to the differences in NMs preparations, physicochemical
characterizations, experimental procedures, biomarker measurements, and pathological
endpoints, even leading to conflicting results.[241] For example, BN and MoS; have been
shown to induce adverse effects in human HepG2 hepatocytes.[242] However, Li et a/.

and Sobariska et a/. did not observe any impairment to cell growth and survival of
hepatocytes, even after high-dose exposures over prolonged periods.[243.244] Thus, the data
reproducibility and reliability have to be improved in both nanosafety and nanomedicine
research to ensure the accuracy, reliability, reproducibility, and intercomparison of
experimental data. The application of reporting standards, research guidelines, international
standards, and minimal characterization checklists is urgently needed.

Additionally, the liver is a complex organ, we need to understand the /7 vivo behavior
of NMs better, including biodistribution, biotransformation, and bioavailability, for a well-
established clinical trial.[245-24%] We know much information about intravenously injected
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NPs, often functionalized by PEG to have colloidal stability in the blood, could accumulate
in the liver in a high amount. However, we know little about the NMs entering through other
routes including skin, gastrointestinal tract, the lung, or intramuscular delivery. Although
there are reports claiming liver accumulation after the NMs gain access to the systemic
circulation by passing through these physiological barriers, the properties, dose, cellular
uptake mechanism, biotransformation, clearance, bioavailability, and effects of these NMs
on the liver have not been elucidated and more research is needed in this area.

Our understanding of nano-liver interactions will benefit the development of
nanoapplications. We have already begun to see the development of therapeutics based

on the progress in this area. For example, the design of nanoparticles targeting specific
liver cell types to treat liver disorders,[206:211,216-218,221-226] jncreased nano-drug delivery
to tumors by reducing liver accumulation,[95:115.203] and taking advantage of the natural
immune tolerant environment in the liver to induce the generation of antigen-specific
regulatory T cells to treat allergy and autoimmune diseases.[206.211] \We could expect a
better understanding of nano-liver interactions with more effort, which will facilitate the
safer development of NMs for nanoapplications.
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Figurel.
Major applications and compositions of nanomaterials (NMs) interacted with the liver. NMs

have been widely applied in industrial, commercial, and medical fields, which include
bio-imaging, vaccines, and drug carriers. NMs have diverse compositions, which include
metallic NMs including metal (Ag and Au nanoparticles) and metal oxide (MOx) NMs
including transition-metal oxides (TMOs, e.g., SiO5, Co304, and Mn,03) and rare-earth
oxides (REOs, e.g., Gdy03, LayO3, and Y,03) NPs, carbon NMs including one-dimensional
carbon nanotubes (CNTs) and two-dimensional (2D) graphene-based NPs (graphene oxide,
GO, and reduced graphene oxide, rGO), cellulose nanocrystal (CNC) and cellulose
nanofiber (CNF), 2D transition metal dichalcogenide (TMD) including MoS, and BN, and
organic NMs including lipid NPs, liposomes, and polymer NPs.
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Figure2.
Structural and functional organization of the liver. A) Anatomy of the liver and its blood

supply. The vessel (red) represents the hepatic artery that delivers oxygenated blood from
the general circulation. The vessel (blue) represents the hepatic portal vein that delivers
deoxygenated blood from the small intestine containing nutrients. The vessel (green)
represents the bile duct that carries bile from the liver and gallbladder to the duodenum.

B) Schematic of a liver lobule in a hexagonal shape with rows of hepatocytes radiating

out from the central vein towards the portal triad. C) Schematic demonstrates the blood
flow of the liver viathe portal vein and hepatic artery through the sinusoids to the central
vein. A lobule could be divided into three zones, zone 1 (periportal), zone 2 (transition
zone), and zone 3 (pericentral) based on oxygen gradient from high to low. D) Schematic
sinusoids that receive blood from terminal branches of the hepatic artery and portal vein

at the periphery of lobules and drain into central veins (red arrow), and the bile ducts

that carry bile from the liver and gallbladder to the duodenum (green arrow). Sinusoids

are lined with endothelial cells and flanked by plates of hepatocytes. E) Schematic shows
the cross-section of a liver lobule and the flow direction of blood and bile. F) Spatial

map to demonstrate flow velocities within the virtual sinusoid network. The red and
yellow colors indicate a greater flow velocity while the blue color represents a lower flow
velocity. Color bar units indicate um/s. Figures 2A-B are reproduced under terms of the
CC-BY license.[3%] Copyright 2018, @ie et al., published by De Gruyter; Figure 2C is
reproduced with permission.[44] Copyright 2010, Nature Publishing Group; Figure 2D is
reproduced under terms of the CC-BY license.[391 Copyright 2005, Frevert et a/,, published
by PLOS; Figures 2E is courtesy of Bio Ninja (https://ib.bioninja.com.au/options/option-d-
human-physiology/d3-functions-of-the-liver/liver-structure.html) and used with permission;
Figure 2F is reproduced under terms of the CC-BY license.[40] Copyright 2018, Fu et al,,
published by PLOS.
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Figure 3.
The major cell types in the liver. It includes the parenchymal hepatocytes, which

occupy about 60-80% of the total number of liver cells, and the non-parenchymal cells
occupying approximately 20-40% of the total number. In the non-parenchymal cell, it
consists of the liver sinusoidal endothelial cells (approximately 50% of the total number

of non-parenchymal cells), phagocytic Kupffer cells (approximately 20%), lymphocytes
(approximately 25%), biliary cells (approximately 5%), and hepatic stellate cells
(approximately 1-8%). In the lymphocytes, it includes the T lymphocytes (approximately
63%), natural Killer (NK) cells (approximately 31%), B lymphocytes (approximately 6%),
and less than 1% of dendritic cells (DCs). In the T lymphocytes, it contains the conventional
T cells, including CD4* T cells and CD8* T cells, and the unconventional T cells, including
natural Killer T (NKT) cells, TCRy8 T cells, and others.
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Figure 4.
NMs able to induce or exacerbate liver disorders. For example, the silver, gold, and silicon

NPs exacerbated the liver disorders including liver fibrosis and steatosis; Fe304, ZnO, and
CuO NPs induced liver damage by triggering higher levels of liver enzyme release; heavy
metal NMs including Cd, Ag, and ZnO aggravated hepatic chemical injury induced by
environmental toxins; CNTs induced hepatic steatosis and liver injury, and graphene-based
NMs induced hepatic dysfunction or liver functional zonation changes.
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Figureb.
Interactions of NM uptake and elimination in the liver during systematic circulation after

NMs exposure. As NMs move along the sinusoid, they will come into contact with

T cells, Kupffer cells, sinusoidal endothelial cells, and DC cells. Depending on their
physicochemical properties, NMs have better access through fenestrae to enter the space
of Disse and contact with and hepatocytes. The smaller NMs may transcytose through the
hepatocytes and enter the bile duct through bile canaliculi.
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NMs intrinsic properties affect corona composition and cellular uptake in the liver. The
major intrinsic properties of NMs include size, shape, surface chemistry, and composition,
which will determine the corona composition and cellular uptake by the major liver cells.
Larger size, negatively charged or hydrophilic NMs are preferentially swallowed by KCs
via phagocytosis; NMs less than 200 nm or with negative surface charge or hydrophobicity
tend to be taken up by endothelial cells through clathrin-mediated endocytosis with a

high exposure dose or long time. NMs less than 50 nm or hydrophilic NMs could be
captured by stellate cells. Smaller NMs with positive surface charge or hydrophobic NMs
are preferentially taken up by hepatocytes through clathrin-mediated endocytosis.
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Figure7.
Schematic to demonstrate the transformation and metabolic processes of NMs in the liver.

For example, MoS, degrade into MoO42~ by phase | enzymes in KCs, which can be used
for biosynthesis of molybdenum cofactors (Moco) in hepatocytes.[93] Few layer graphene

is degraded into CO, by the OHe generated through the Fenton reaction in KCs, which
originated from the degradation of released hemoglobin from the damaged RBCs by
graphene into hemes, and the differential transformation of REOs in KCs and hepatocytes
due to different levels of acidification in the phagolysosomes of macrophages (pH 5-5.5)

vs hepatocytes (pH 6.5). The intense lysosomal acidification in KCs is driven by v-ATPase
on lysosomal membranes, creating a high concentration of protons near the lysosomal
membrane, driving the transformation of REOs and the formation of sea urchin structures on
the lysosomal membrane by stripping phosphate groups from the phospholipids, leading to
lysosomal membrane damage, NLRP3 inflammasome activation and pyroptosis in KCs. The
same transformation also happens in hepatocytes, however, only in the interior of lysosomes,
which will not lead to lysosomal damage. The Figure is reproduced with permission.[®°]
Copyright 2021, American Chemical Society.
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Main pathways for NMs clearance. A) NMs are cleared through hepatobiliary, renal, and
mononuclear phagocyte systems. NMs circulate in the blood to reach organs or tissues,
including MPS, liver, and kidneys. The non-degradable NMs are more likely to be taken up
and retained by the MPS for months to years. The NMs less than 5.5 nm are cleared from
the kidneys by renal clearance and eliminated in feces within hours to days. The NMs larger
than 5.5 nm can be cleared from the liver by hepatobiliary clearance within hours to weeks.
B) The hepatobiliary clearance is performed through interactions among the hepatic ducts,
bile, gallbladder, common bile duct, duodenum, gastrointestinal tract, and feces. Figure 8 is
reproduced with permission.[4?] Copyright 2016, Elsevier B.V.
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Figure9.
NMs-induced various cellular responses in KCs. This includes the metal or metal oxide

(MOX) or transition-metal oxide (TMO) NMs, e.g., Ag, CuO, Co304, or Mn,03, induce
apoptosis due to their dissolution and shedding of toxic ions, bandgap energy, and oxidative
stress; REOs (e.g., Gdy03, Lay0O3, and Y203) and GOs induced pyroptosis in KCs.

For REQs, the transformation from sphere to sea urchin-shaped and the formation of
rare-earth phosphate (REPQO,) structures on the lysosomal membrane, where RE(111) ions
strip phosphate from the phospholipids on a lysosomal membrane and induce lysosomal
damage, cathepsin B release, leading to NLRP3 inflammasome activation and GSDMD-
mediated pyroptosis; the phagocytized GOs-induced NADPH oxidase activation and lipid
peroxidation, triggering PLC activation that leads to calcium flux, mitochondrial ROS
generation, and NLRP3 inflammasome activation, resulting in IL-1p production as well as
subsequent pyroptosis; for fumed SiO,, the activation of NLRP3 inflammasome is involved
in the pathway premised on K* efflux resulting from the plasma membrane perturbation
after SiO, binding. Moreover, 2D TMD, CNCs, and CNTs induce ROS-mediated apoptosis
and inflammatory responses in KCs after their internalization.
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NMs-induced cellular responses in hepatocytes. Metallic NMs (e.g., Au, Ag, and ZnO

NPs) could induce oxidative stress-mediated inflammatory responses, apoptosis, or necrosis;
CNTs or CNCs could induce oxidative stress-mediated inflammatory responses and
apoptotic cell death; rGOs could induce apoptosis v/athe nuclear factor kappa B (NF-

xB) and oxidative stress pathways, while GOs induce apoptosis v/a the TGFp1-mediated
signaling pathway; Si and Fe-TA NPs could induce autophagic cell death.
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Figure 11.
Cell type-specific responses induced by various NMs in the liver cells. High-level uptake of

metal, MOx, CNTs, CNCs, MoS,, etc., and REOs, GOs, SiO,, efc., through phagocytosis,
could induce apoptosis or pyroptosis in KCs, respectively. Low-level uptake of metal, MOX,
GOs, MoS», BN, etc., through endocytosis, did not induce significant cell death in LSECs.
However, the lower uptake of metal, MOx, GOs, efc., through endocytosis, has been shown
to induce apoptosis in stellate cells. Similarly, hepatocytes have lower uptake of metal,
MOXx, CNTs, CNCs, GOs, Fe-TA, etc. through endocytosis, which could induce cell death
via apoptosis, necrosis, or autophagic cell death.
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Figure 12.
Schematic to demonstrate the utilization of nano-liver interactions to treat diseases based on

cell-type-specific uptake or cellular response behaviors in the liver. This includes utilizing
LNPs to treat liver fibrosis by targeting HSCs, utilizing metal NPs to improve cancer
therapeutic efficacy by reducing LSEC or KC uptake, utilizing PLGA-NPs to treat allergy
and autoimmune diseases by targeting LSEC, as well as using LNPs to improve gene
therapy efficacy for hepatic diseases by targeting LSECs or hepatocytes. The Figure is
reproduced with permission.[220] Copyright 2016, Elsevier B.V.
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Figure 13.
Schematic to demonstrate the treatment of allergy and autoimmune diseases by targeting

natural tolerogenic LSEC. The intravenous injected PLGA-NPs attached ApoBP ligand
delivering the antigens are epitopes to LSECs in the liver through endocytic uptake. Antigen
processing and presentation to naive CD4* T-cells are capable to generate Foxp3™* Tregs
that are recruited to the site of pathology, where they exert immunosuppressive effects on
allergy and autoimmune diseases, including allergy, rheumatoid arthritis, systemic lupus
erythematosus, and type 1 diabetes. The middle panel shows the liver targeting and LSEC
targeting determined by the representative ex vivo VIS images and confocal images,
respectively. The Figure is reproduced with permission.[298] Copyright 2020, American
Chemical Society.
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Summary of the liver pathologies induced by the representative NMs

Page 52

NMs Characterization Animal Liver responses References
model
Au NPs 10, 20 nm spherical Wistar-Kyoto  Vacuolar to hydropic degeneration, cytoplasmic hyaline [59]
rats vacuolation, polymorphism, binucleation, karyopyknosis,
karyolysis, karyorrhexis, steatosis, and necrosis in
hepatocytes; inflammatory cell infiltration, Kupffer cells
hyperplasia, central veins intima disruption, hepatic
strands dilatation, and occasional fatty change with a loss
of hepatic strand normal architecture
Ag NPs 14 + 4 nm, spherical shapes ~ Wistar albino  Dilation and display of red blood cells and cell debris [53]
rats in sinusoids; degradation in hepatic organelles such
as mitochondria and nuclei; increase in lipid droplet
accumulation and glycogen depletion in hepatocytes;
nuclei abnormalities, vacuolization, increased lysosomes,
and electron-dense bodies in Kupffer cells
Fe304 NPs 20-30 nm BLAB/c rats Induction of higher ALT, AST, and ALP levels; [69]
central venous congestion; hypertrophy, regeneration, and
necrosis in hepatocytes; increase in Kupffer cell numbers.
Fe,O3 NPs 20 nm, spherical Wistar rats NP aggregation in the liver, induction of higher ALT level,  [67]
increased hepatocytes necrosis, hepatic inflammation,
interstitial congestion, and fatty degeneration around the
central vein.
ZnO NPs 50 nm, higher dissolution Kunming Induction of higher ALT and AST levels, CAT and [66]
(>10%) mice SOD activity, and MDA concentration; liver lesions, cell
congestion, immune cell infiltration, and petechiae
TiO, NPs 10 nm, anatase B6C3F1 mice NP accumulation in the liver, induction of oxidative stress-  [56]
induced DNA strand breaks or oxidative DNA adducts;
upregulating metabolism pathways and genes involved
in antioxidative stress, metal detoxifying enzymes, and
metabolic enzymes
CuO or higher dissolution (>50%) RjHan:WI Increase in AST, ALT, LDH, free fatty acids, creatinine, [70]
Cu,CO3(0H), rats iron, and potassium levels in the blood; decrease in ALP;
induction in inflammation, vacuolization, and necrosis in
hepatocytes; hypertrophy in Kupffer cells and hepatocytes
SiNPsand CdCl,  26.8 + 0.9 nm with the Kun Ming Induction of significant hepatic oxidative stress, elevation [50]
unimodal distribution. mice in liver damage enzymatic markers, and severe damage in
liver architecture
MWCNTSs CNTSmall D: 6-17 nm; L:  C57BL/6 Increase in binucleate hepatocyte number; induction [7s1
847 £ 102 nm; mice of mild liver injury including microfoci of necrosis,
CNTLarge D: 24-138 nm; eosinophilic necrosis of single hepatocytes, and
L: 4048 + 366 nm hepatocytes with pyknotic nuclei; changes in hepatic
inflammatory; causing granulomas
GOs 90 to 290 nm, Zebrafish Induction of liver dysfunction in zebrafish embryos, [77]
favorable stability and oxidative stress, immune cells, and inflammatory
monodispersity responses; reduction in the lipid metabolism; increase in
the expression of immune genes
GOs 10-20 nm, BALB/c male A higher amount surrounding portal triad zones than [78]
with abundant oxygen- mice the central vein zones, dysregulation of key signaling
containing functional pathways governing liver zonation, and changes in liver
groups functional zonation
Nanocellulose -50 mV to =10 mV Albino rats Increase in AST, ALT, myeloperoxidase, inflammation- [159]

modified with
oxalate ester

related iINOS, and apoptosis-related Bax protein
expression
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Table 2.
The effects of NMs on Kupffer cells
NMs Characterization Cell type Cellular responses References
Ag NPs 20 nm, spherical shapes KUP5 Oxidative stress generation, mtROS production, GSH [105]
depletion, HO-1 expression, and the initiation of
caspases 3 and 7 mediated apoptotic cell death
CuO NPs 60 nm, higher dissolution KUP5 Oxidative stress generation, mtROS production, GSH [105]
(>10%) depletion, HO-1 expression, the release of TNF-a, and
the initiation of caspases 3 and 7 mediated apoptotic
cell death
ZnO NPs 50 nm, higher dissolution KUP5 Oxidative stress generation, mtROS production, GSH [105]
(>10%) depletion, HO-1 expression, the release of TNF-a, and
the initiation of caspases 3 and 7 mediated apoptotic
cell death
V,05 NPs 400 nm, higher dissolution KUP5 Dissolved ions-induced caspases 3/7 mediated [105]
(>50%) apoptosis as well as interference in membrane Na+/K+
ATPase activity, NLRP3 inflammasome and caspase-1
activation, and IL-1p release
Au NPs 13 nm, PEG-coating Primary Cellular uptake, induction of inflammation and [146]
mouse apoptosis
Kupffer cell
Aggregated MoS, Large agglomerates, low KUP5 Phagocytosis, induction of mtROS and caspases 3/7 [111]
dissolution mediated apoptosis, lysosomal damage, cathepsin B
release, NLRP3 inflammasome as well as caspase-1
activation, and IL-1p release
MoS, dispersed in T:35+1.9nm, KUP5 Dissolved ions-induced mtROS and caspases 3/7 [111]
Pluronic F87 S: 56 + 28 nm, high mediated apoptosis
dissolution
GOs T: 1-4 nm; KUP5 Phagocytosis, NADPH oxidase mediated plasma [97]
S: 10 to 2000 nm membrane lipid peroxidation, PLC activation, calcium
flux, mtROS generation, NLRP3 inflammasome
activation, caspase-1 activation, IL-1p production, and
GSDMD-mediated pyroptosis
GOs T:1nm; Primary Cellular uptake, TLR-4 activation, macrophage [98]
S: 50 to 2000 nm mouse polarization, and secretion of IL-1p and TNF-a.,
Kupffer cell  activated via NF-xB signaling pathway
Gd,03 NPs 43.8 +£15.8 nm, cubic KUP5 Cellular uptake, lysosomal damage, NLRP3 [
inflammasome activation, caspase 1 activation, cell
swelling, membrane blebbing, IL-1p release, increase
in membrane permeability, and GSDMD-mediated
pyroptosis
Y,03 NPs 32.7 £ 8.1, cubic Primary Cellular uptake, cell swelling and membrane blebbing,  []
human IL-1 release, cell death
Kupffer cell
SiO, NPs 20 nm, pyrolytic (fumed) KUP5 Surface membrane perturbation, K* efflux, NLRP3 [205]
silica inflammasome and caspase-1 activation, and induction
of GSDMD-mediated pyroptosis
CNTs D: 3-7nm Primary rat  Cellular uptake, ROS generation, caspases 3/7 [130]
L:100-400 nm Kupffer activation, drop of total glutathione level, time-
cells dependent cytotoxicity
CNCs 100-750 nm KUP5 Phagocytosis, mtROS generation, caspases 3/7 [109]
activation, apoptosis, lysosomal damage, cathepsin
B release, NLRP3 inflammasome and caspase 1
activation, and 1L-1p production
NaYF4:18%YDb, 40 nm Primary Induction of enlarged autolysosomes, pro-death [160]
2%Er mouse autophagy, and liver toxicity
Kupffer cell

Adv Mater. Author manuscript; available in PMC 2023 March 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Lietal.

Table 3.

The effects of NMs on sinusoidal endothelial cells (SECs)
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NMs Characterization Cell type Cellular responses References
Si NPs 70 nm Primary liver sinusoidal Increase in ALT and induction of liver injury [63]
endothelial cells
GOs T: 1-4 nm; Liver sinusoidal endothelial Cellular uptake, induction of cytotoxicity at a high [971
S:10t0 2000 nm  cells concentration (100 pug/mL)
TiO, NPs 21 nm Human hepatic sinusoidal Cellular uptake, induction of transient leakiness by reducing [166]

endothelial cells (HHSECs)

the activation of Akt, increase in endothelial permeability,
morphological changes, cellular shrinkage
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Table 4.

The effects of NMs on hepatic stellate cells (HSCs)

Page 55

NMs Characterization Cell type Cellular responses References
Ag NPs 10 or 30-50 nm, PVVP-coating Primary rat Morphology alterations, reduction in cell viability, [168]
HSC induction of apoptosis or necrosis, inhibition of the
production of MMP-2 and -9
ZnONPs  W: 44 +2nm; L: 73+ 4 nm, powders  Primary human  Activation of cellular stress and protection responses, [169]
HSC followed by dysregulation of the transcriptome,
alterations in cellular function, and induction of
apoptosis
GO H: ~ 1.2 nm, flake Human HSC A growth inhibition at a concentration of 15.62 ug/mL [108]
rGO H: ~ 2.0 nm, well dispersed, flake Human HSC A growth inhibition at a high concentration (> 31.25 [108]

pg/mL)
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The effects of NMs on hepatocytes

Table 5.

Page 56

NMs Characterization Cell type Cellular responses References
Ag NPs 20 nm, spherical Hepa 1-6 cell line Oxidative stress generation, mtROS production, [105]
GSH depletion, HO-1 expression, and initiation of
caspases 3 and 7 mediated apoptotic cell death
Ag NPs 20 nm C3A cell line Cellular uptake, inflammatory mediator expression, [170]
increase in IL-8/macrophage inflammatory protein 2,
IL-1RI, and TNF-a expression
Au NPs 10-60 nm, citrate-stabilization, =~ HepG2 cell line protein carbonylation, lipid peroxidation, DNA [171]
monodisperse damage, overproduction of free radicals and ROS
Cu NPs 100 +35 nm, spherical and Primary hepatocytes Intracellular ROS generation, antioxidative [172]
aggregation of E.coloides enzymatic defense systems alteration, induction of
apoptosis and necrosis
CuO NPs 60 nm, dissolution (>10%) Hepa 1-6 cell line Oxidative stress generation, mtROS production, [105]
GSH depletion, HO-1 expression, the release of
TNF-a, and the initiation of caspases 3 and 7
mediated apoptotic cell death
Gd,03 43.8 + 15.8 nm, cubic Hepa 1-6 cell line Cellular uptake, caspases 3/7 activation, induction of ~ [7]
apoptotic cell death
Mn,O3 51.5 + 7.3, tetragonal Hepa 1-6 cell line Cellular uptake, cellular shrinking, caspases 3/7 [
activation, induction of apoptotic cell death
TiO, NPs 50 nm, spherical or rod-like Primary rat Oxidative stress, intracellular ROS, morphological [173]
crystal structure hepatocytes changes in mitochondria and substantial loss in
the fusion process, disruption of the mitochondrial
dynamics
V,05 NPs 400 nm, higher dissolution Hepa 1-6 cell line Dissolved ions-induced caspases 3/7 mediated [105]
(>50%) apoptosis
ZnO NPs 47-106 nm, spherical/ Catfish primary Cellular uptake, ROS-induced cell death, and [174]
rhomboid/rod-shaped hepatocytes, HepG2 damages to the cell and mitochondrial membranes
cell line
ZnO NPs 50 nm, dissolution (>10%) Hepa 1-6 cell line Oxidative stress generation, mtROS production, [105]
GSH depletion, HO-1 expression, and the initiation
of caspases 3 and 7 mediated apoptotic cell death
Fe-TANPs  3-5 nm, tannic complexes HepG2 cell line Cellular uptake, autophagosomes formation, increase ~ [178]
in LC3 expression, induction in autophagic cell death
SWCNTs 1000-2000 nm with a diameter HepG2 cell line Elevation in ROS level, reduction in cellular [181]
range of 1.0-6.0 nm metabolic activity, perturbation of cell cycle,
induction of apoptotic cell death
MWCNTs  D:5-35 L:700-3000; D: 6-20 C3A and primary Cellular uptake, 1L-8 production, cytotoxicity [182]
L: 700-4000 hepatocyte
GO T: 6 nm; H: 20 nm; S:40 nm HepG2 cell line Cellular uptake, oxidative stress generation, [184]
NADPH oxidase-dependent ROS formation, high
deregulation of antioxidant/DNA repair/apoptosis-
related genes, DNA damage, TGFB1 mediated
signaling, cytotoxicity
rGO T: 7 nm; H: 23 nm; S:40 nm HepG2 cell line DNA damage, oxidative stress, ROS generation, [184]
induction of innate immune response through TLR4—
NFkB pathway, apoptosis
CNC ~280 nm Hepa 1-6 cell line Cellular uptake through clathrin-mediated [109]

endocytosis, mtROS generation, caspases 3/7
activation, apoptosis
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NMs Methods Models Effects References
AuNPs Administering more than 4T1 tumor-bearing BALB/c ~ Reduction in the uptake rates, liver clearance, [115]
1 trillion nanoparticles mice and prolonged circulation; enhancement in
that is above the threshold nanoparticle tumor penetration, delivery to the
to reduce uptake of drugs tumor cell population, and therapeutic efficacy
in macrophages independently of the active drug dose
ZnO NPs Intravenous (i.v.) Diethylnitrosamine (DEN)- Reduction in the elevated serum levels of [189]
administration of NPs for induced hepatocellular HCC-related tumor markers alpha-fetoprotein
the liver accumulation carcinoma (HCC) in Wistar and alpha-I-fucosidase and the apoptotic marker
rats caspase-3.
Ag, Au, and Administration of NPs for ~ DEN-induced HCC in Significant reduction (~45 to 65%) in tumor [190]
Ag/Au alloy the liver accumulation Sprague Dawley (SD) rats and the presence of BAX antibodies with up
NPs to immunoreactive (3+) level in the nanoparticle-
treated animals
CeO;, NPs Intravenously treating Methionine and choline- Reduction in the size and content of hepatocyte [194]
with NPs for the liver deficient diet (MCDD) lipid droplets and the hepatic concentration of
accumulation experimental model of triglyceride- and cholesterol ester-derived FAs;
NAFLD in Wistar rats expressing genes involved in cytokine, adipokine,
and chemokine signaling pathways
ZnO NPs Intraperitoneal (i.p.) High-fat-diet fed [HFD] significantly decreased HFD-induced hepatic [197]
injection NPs for the liver ~ obese C57BL/6 mice steatosis and peripheral insulin resistance through
accumulation hepatic SIRT1-LKB1-AMPK
TiO, NPs Internalization of LX-2 cell line Uptake, expression of Col-I and a-SMA, up- [198]
nanomaterials in hepatic regulation of MMPs, down-regulation of TIMPs,
stellate cells regulation of EMT genes, and inhibition of
hepatic fibrosis
SiO, NPs Internalization of LX-2 cell line Uptake, inhibition on cellular fibrosis, proteolytic ~ [19]
nanomaterials in hepatic breakdown of collagen, inhibition on adhesion
stellate cells and migration profiles of TGF-f, and potential
treatment for liver fibrosis
PLGA-NPs Intravenous injection LSECs and the antigen- Endocytic uptake, induction of comparable [211]
attached specific tolerance in a immunotolerance in allergic airway disease
ApoBP murine anaphylaxis model and anaphylaxis as nanoparticle-delivering
pharmaceuticals
LNP- Intravenous injection to Wild-type C57BL/6 mice, A median gene editing rate of 38.5%, [218]
mediated mice at a dose of 1.0, aged 6 to 8 wk a corresponding 65.2% reduction of a
CRISPR- 2.0, and 3.0 mg/kg in target protein, and subsequent regulation of

Cas9 delivery
system

total RNA.to target liver
hepatocytes of mice

hypercholesterolemia.
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