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The liver performs critical physiological functions such as metabolism/detoxification and blood homeostasis/bil-
iary excretion. A high degree of blood access means that a drug’s resident time in any cell is relatively short. This
short drug exposure to cells requires local sequential delivery ofmultiple drugs for optimal efficacy, potency, and
safety. The high metabolism and excretion of drugs also impose both technical challenges and opportunities to
sequential drug delivery. This review provides an overview of the sequential events in liver regeneration and
the related liver diseases. Using selected examples of liver cancer, hepatitis B viral infection, fatty liver diseases,
and drug-induced liver injury, we highlight efforts made for the sequential delivery of small andmacromolecular
drugs through different biomaterials, cells, andmicrodevice-based delivery platforms that allow fast delivery ki-
netics and rapid drug switching. As this is a nascent area of development, we extrapolate and compare the results
with other sequential drug delivery studies to suggest possible application in liver diseases, wherever
appropriate.
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1. Introduction

Liver diseases account for more than 800 million cases and lead to
approximately 2 million deaths every year worldwide [1,2]. The high
morbidity of liver diseases is due to not only the high prevalence of
liver-specific insults such as viral infection and misuse of drugs but
also increasing population with metabolic syndromes such as nonalco-
holic fatty liver disease (NAFLD). The mortality of liver diseases is
mainly attributed to end-stage diseases such as cirrhosis and hepatocel-
lular carcinoma (HCC), both of which are chronically developed [3].

Liver anatomy and physiology with complex cell-scale repeating
lobules and blood homeostasis [4], exhibiting synthetic [5], metabolic
[6,7], and excretory functions [8], imply that delivering therapeutic
agents to the liver is a daunting task with many challenges [9,10].
When blood travels to almost every cell in the liver, anything that the
cells are exposed to lasts for only a short duration (sec to minutes)
[11]. Foreign agents present in the liver cells are quickly converted or
metabolized to a nontoxic form and lose their original properties.

To overcome the challenges of delivering therapeutic agents such as
small molecules and peptide drugs, advances in novel drug delivery
platforms have improved the pharmacodynamics/pharmacokinetics of
the drugs [12], resulting in increased efficacy and reduced hepatotoxic-
ity. For instance, lipidization of a somatostatin analog enabled better as-
sociationwith liver cellmembrane, thus enriching drug accumulation in
the liver by 3.8-fold [13]. Use of cell type-specific ligands could further
distinguish the population (i.e., hepatocytes and Kupffer cells) and
even the sub-population of cells (i.e., quiescent and activated hepatic
stellate cells (HSCs) [14]). When encapsulated in pegylated liposomes,
the antitumor agent doxorubicin exhibited a unique concentration pro-
file characterized by maintained concentration with a reduced peak
value compared to conventional liposome. It confers better tumor inhi-
bition and reduced liver damage [15]. As for combination therapy, mul-
tiple drugs with diversemodes of action can fully cover the spectrum of
disease pathology so that each drug at reduced concentration (and thus
hepatotoxicity) is administered to synergize with each other for im-
proved efficacy (E), potency (P), and safety (S) [16]. Delivery of drugs
for combination therapy of liver diseases can be through simultaneous
or sequential delivery. The simplicity of simultaneous delivery of multi-
ple drugs has unwanted side effects of undesirable drug–drug interac-
tion (DDI) [17] and immune-mediated idiosyncratic toxicity [18],
often leading to drug-induced liver injury (DILI). This simplicity also
overlooks the sequential process of disease development resulting
from abnormal liver regeneration. Therefore, sequential drug delivery
for combination therapy has the potential to avoid or reduce these
side effects in the liver where the turnover and clearance of drugs are
fast and to achieve more synergistic efficacy.

Sequential drug delivery, defined as the administration of two or
more drugswith differentmechanisms of action and given in a designed
order, can attain synergistic efficacy owing to the optimal sequence of
mode of action and can avoid DDI as in the case of simultaneous delivery
[19]. The approach entails staggered delivery of multiple drugs by se-
quential administration through oral or parenteral routes or by the
use of controlled- or triggered-release drug delivery systems. In addi-
tion to the technical challenges involved, lack of understanding of the
liver physiology, pathology, and limitations of existing therapies also
hinders the development of sequential drug delivery for liver disease
treatments. In this review, we identify liver-specific anatomy and phys-
iology features that may benefit from sequential drug delivery and ex-
pound on the possible applications in the treatment of liver diseases.
We particularly focus on four major liver diseases: DILI, chronic hepati-
tis B (CHB) infection, NAFLD, and HCC. As there are limited examples of
sequential drug delivery in the liver, the limitations of existing therapies
for each disease are discussed and potential improvement by sequential
delivery is proposed.

2. Abnormal regeneration leads to diseases

The liver performs essential functions such as nutrition metabolism
and detoxification, as well as effective regeneration. Resumption of size
and mass was observed in several rodent liver models [20,21]. For ex-
ample, partial hepatectomy (PHx) in rats has shown that the liver can
resume its size and mass even after resecting 70% of the liver [20]; this
regenerative potential was unimpeded even after 12 sequential PHx
[21]. Regeneration after PHx in normal and diseased livers has also
been observed in humans [22]. Michalopous et al. and Miyaoka et al.
have elucidated the precise orchestration of liver regeneration [23,24],
which is a highly coordinated process involving the proliferation of dif-
ferent hepatic cell types and activation of various machineries in re-
sponse to multiple signals. For instance, cellular hypertrophy mainly
contributes to size compensation when the injury has occurred in less
than 50% of the liver mass, whereas hepatocyte proliferates to increase
cell number after a large injury. Upon hepatectomy, a rapid increase of
mitogenic growth factors such as hepatocyte growth factor (HGF) and
cytokines such as tumor necrosis factor (TNF) resets mature hepato-
cytes to proliferative status. In addition, the involvement of liver stem
cell population, namely, the periportal oval cells [25] and the pericentral
Axin2+ stem cells [26], can also give rise to hepatocytes. If hepatocyte
proliferation is impaired, then participation of biliary-based facultative
stem cells is observed [27]. The proliferation is so tightly regulated
that excessive hepatocytes produced will undergo apoptosis when cell
number and function restore [28]. Transforming growth factor β1
(TGFβ1) is an important mito-inhibitory factor in terminating liver re-
generation, which can maintain hepatocytes in the quiescent state.
TGFβ1 is released from the existing extracellular matrix (ECM) at ap-
proximately 72 h after PHx. Although the hepatocytes are nonrespon-
sive to the TGFβ1-mediated growth inhibition because of the absence
of TGFβ1 receptors (TGFβR1) to transduce the inhibitory signals, the
HSCs respond to TGFβ1 and produce ECM, which sequesters HGF. The
sequestering of HGF leads to the absence of proliferative signals for
the hepatocytes and terminates the regeneration. The sequestering of
the HGF is the hallmark of hepatocyte cell cycle arrest and termination
of liver regeneration [29].

The physiological responses of the liver to PHx or drugs critically in-
volve provocative pro-inflammatory signals [30], growth factor signal-
ing [31], metabolism [32], and matrix remodeling [33] (Fig. 1a). These
responses coordinate the priming, proliferation, and termination of
liver regeneration, and accurate temporal control of these events is crit-
ical for normal liver regeneration [34]. The loss of feedbackmechanisms



Fig. 1. Sequential patterns in liver regeneration and disease pathogenesis. (a) Four elements (inflammation, metabolism, proliferation and matrix remodeling) are tightly coordinating in
the course of liver regeneration. (b) These elements attribute to diseases in a progressivemanner when continuously disrupted by certain insults, implying that sequential removal of the
current and preexisting pathologies would prevent disease development and recreate homeostasis for regeneration. DILI: drug-induced liver injury; HCC: hepatocellular carcinoma.
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leads to the loss of temporal process control. The aberrant responses to
injuries cripple liver regeneration and cause pathologies. For example,
the acute metabolic reprograming in response to xenobiotic results in
reactive metabolite and cell damage, which may stimulate inflamma-
tory responses [35]. The inflammatory signals that are required to trig-
ger proliferation in response to tissue damage need to be dampened
once sufficient numbers have been achieved; sustained pro-
inflammatory signals would cause extensive tissue damage [36].
Prolonged inflammatory response in nonalcoholic steatohepatitis
(NASH) is a contributing factor highly correlated with the prevalence
of cirrhosis [37]. The abrogation of HGF/c-met signaling impairs liver re-
generation through persistent inflammation [38]. Similarly, matrix de-
position, which sequesters growth factors and dampens proliferative
signals, has to be tightly managed to avoid excess fibrous matrix depo-
sition and impaired liver function [39]. Moreover, the timeframe of de-
veloping each pathological pathway varies from one disease to another.
The metabolic reprograming in DILI generates numerous metabolites
that elicit cytotoxicity in hours, while the onset of immune response is
typically delayed (1-2 months) [35]. Such reprograming process could
be chronic in NAFLD where steatosis gradually develops when the
liver is constantly exposed to a lipogenic environment. These examples
emphasize meticulous modulation of these pathways to promote liver
regeneration under various pathologies.

In addition, conventional treatments for liver diseases may accom-
pany the development of other pathophysiological events such as an-
giogenesis in cancer. Such event may compromise therapeutic efficacy
by hampering focal drug penetration. Therefore, to benefit conventional
treatment, sequential delivery should employ multiple drugs targeting
different pathways according to their time-dependency and/or concur-
rent pathogenic roles. Details of pathological pathways that can be
targeted are elaborated in the following section.

3. Sequential drug delivery for liver diseases

On the basis of the time-scale of disease development, DILI, CHB in-
fection, NAFLD, and HCCwere introduced accordingly. For each disease,
the etiology is discussed in relation to the deregulated signaling events
(Fig. 1b), and current treatment strategies and limitations are



75X. Huang et al. / Advanced Drug Delivery Reviews 149–150 (2019) 72–84
summarized. Sequential drug delivery is demonstratedusing real exam-
ples or extrapolated fromproof-of-concept studies. Time/spatial scale of
the sequential delivery of therapeutic agents is critical in the design and
implementation of the sequential delivery scheme. If the need for
switching drugs is global/systemic or in hours or days/weeks or longer,
there is really no need to contemplate such a sequential delivery
scheme. It suffices to only orally administer different drugs every few
hours or days/weeks or longer in sequential treatments or sequential
therapy. If the synergistic effects of sequential combination therapy re-
quire local or in the time scale of minutes or seconds to switch between
drugs, then liver diseases are ideal targets for contemplating such a se-
quential drug delivery scheme.

Drug delivery systems such ashydrogels,micro/nanoparticles, layer-
by-layer (LbL) assembly, and microdevices, as well as a combination of
these systems, are potential candidates for sequential drug delivery in
liver disease treatment. Hydrogels are physically or chemically cross-
linked polymeric networks that can imbibe a large amount of water.
The aqueous and porous environment within a hydrogel renders it
most suitable for the encapsulation and delivery of proteins and cells.
Hydrogels can be introduced into the body by either implantation or in-
jection of gel precursors that crosslink in situ; the latter method is pre-
ferred, as it is less invasive. Micro/nanoparticles are widely used for
the delivery of small-molecule drugs and proteins, and dual-drug re-
lease can be achievable by forming particles with a core-shell structure
[40]. One strategy for sequential drug delivery is to pre-encapsulate one
type of drug inmicro/nanoparticles before incorporating the particles in
a scaffold (e.g., hydrogels or nanofibers) containing a second drug
[41,42]; drugs in the micro/nanoparticles are typically released at a
slower rate than those in the scaffold.With themajority ofmaterials ac-
cumulated in the liver after intravenous injection [43,44], nanoparticles
may be advantageous as compared to other delivery systems in terms of
efficiency in transporting drugs to the liver. LbL assembly refers to the
method of forming multilayer coatings through alternate adsorption
of oppositely charged polymers. Small-molecule drugs and
biomacromolecules can be incorporated between the polyelectrolyte
layers through electrostatic interactions and released sequentially as
the polymeric layers degrade. Importantly, the entire LbL assembly pro-
cess is performed in an aqueous environment, which protects proteins
from denaturation. While the LbL assembly is a versatile method of
forming a multilayer coating, the controlled release of incorporated
drugs/proteins remains a challenge because of interlayer diffusion that
leads to the mixing of polyionic species during the assembly process
[45]. Microdevices such as micro-reservoirs, in which drugs are stored
and released through active or passive pumping, not only are useful
for sustained drug delivery but could also be designed with biodegrad-
able materials and/or LbL assembly to achieve sequential delivery of
multiple drugs. Potential applications of the above-mentioned drug de-
livery systems in the treatment of liver diseases are investigated inmore
detail in the following sections and illustrated in Fig. 2.

3.1. Drug-induced liver injury (DILI)

DILI has become a major cause of acute liver failure (ALF) and trans-
plantation in Western countries [46] and accounts for most of the drug
withdrawal from clinical trials or even postmarketing because of hepa-
totoxicity [47]. DILI may result from direct cell toxicity or toxic metabo-
lites or through downstream events caused by the counterbalance of
liver injury versus regeneration [48]. In terms of spatial distribution,
the injury can be hepatocellular injury, cholestatic injury, or
hepatocellular-cholestatic mixed injury. Variability of host factors in-
cluding genetic polymorphism related to metabolism and immunity is
highly associated with DILI; for instance, the HLA-B*5701 genotype is
a determinant of flucloxacillin-induced liver injury [49]. DILI can be in-
trinsic (inDILI) or idiosyncratic (iDILI) in association with dose-
dependency, predictability, and pattern of injury [50]. inDILI, such as
APAP overdose or CCl4-caused toxicity, exhibits a dose-dependent
hyperacute injury pattern. The time scale is usually in hours, with a
rapid onset and offset of massive zone-3 cellular necrosis, followed by
activation of inflammatory response [50]. iDILI, however, refers to un-
common hepatotoxicity occurring in a minority of patients who do
not follow a known pharmacological effect [51]. It is less predictable in
its dose-dependent occurrence, with a relatively longer period (1–4
weeks) and rare prevalence (approximately 10 cases per 10,000 inhab-
itants) [52]. The immune system is substantially involved in the onset of
iDILI [53]. DILI exhibits specific patterns in protective mechanisms and
regeneration: particularly, the antioxidant glutathione (GSH) plays a
key role for cell protection against DILI; thus, adjuvant or sequential
therapy involving antioxidants have drawn some attention [46].

3.1.1. Current DILI treatments and limitations
The management of DILI involves the recognition of liver injury,

identification of the suspected drug, and/or medical intervention [54].
Prompt withdrawal of the suspected insult is important for treating
drug-induced liver damage [55]. Careful monitoring is required to min-
imize the risk of potential injury while controlling the clinical condition.
In addition to thewithdrawal of the suspected drug, the rest of the treat-
ment is largely supportive. Among them, N-acetyl cysteine (NAC) is a
clinically established antidote to treat APAP-caused liver toxicity. It
can quench free radicals and restore hepatic GSH to detoxify N-acetyl-
p-benzoquinone imine (NAPQI), themetabolite of APAP [56]. Currently,
clinical studies have also supported NAC usage in DILI-related ALF, and
early intervention in adults has shown to improve clinical outcome
such as transplant-free survival rate [55,57]. However, high dose of
NAC causes adverse effects such as nausea and vomiting. In addition
to NAC, various anti-inflammatory and hepatoprotective agents
(AIHPAs) are also used; however, large, prospective, randomized, con-
trolled clinical evidence is still lacking. Examples of AIHPAs include cor-
ticosteroids [58], glycyrrhizic acid [59], silymarin [60], ursodeoxycholic
acid [61], bicyclol [62], and S-adenosyl methionine [63] (Table 1),
among which corticosteroids are most widely used and shown to be ef-
fective in ameliorating liver injury in recent clinical studies [64]. NAC
and AIHPAs can be given either orally or as an intravenous infusion in
the treatment of DILI. Despite the usage of NAC and empirically pre-
scribed AIHPAs, the current treatment of DILI is not satisfactory, largely
because of the complex spectrum of DILI in etiology, pathogenesis, and
histology patterns.

In the event of ALF caused by DILI, orthotopic liver transplantation
(LT) is themost essential treatment. However, LT is limited by the scar-
city of liver donor. Transplantation of primary human hepatocytes is a
surrogate for overcoming the accessibility issue of LT [76]. The limited
proliferation ability of primary hepatocytes in vitro hinders this strategy
from being widely used [77]. Recently, there has been progress in the
long-term expansion of hepatocytes. Peng et al. demonstrated that by
re-creating the inflammatory microenvironment during liver injury,
primary murine hepatocytes could be expanded in vitro without losing
their metabolic function [78]. A similar cocktail of small molecules and
growth factors was used for the long-term expansion of mature murine
andhumanhepatocytes as 3Dorganoids [79]. Functional hepatocyte de-
rived from stem cells is an alternative to adult hepatocytes. Various
types of stem cells, namely, mesenchymal stem cells (MSCs) [80], em-
bryonic stem cells, and induced pluripotent stem cells [81], have been
evaluated as alternative cell sources for transplantation [81,82].
Among stem cells, MSCs are favorable for cell-transplanting therapy
owing to the excellent immunomodulating ability and well-elucidated
mechanism of action [83]. MSCs have been prevalently used in preclin-
ical studies showing improvement in liver functions and regeneration
[84]. It is premature to anticipate similar findings in human patients.

3.1.2. Sequential drug/cell delivery in DILI
Where withdrawal of suspected drug failed to resolve DILI, patients

who are susceptible to develop ALFmay benefit from the sequential de-
livery of NAC followed by corticosteroids. An important consideration in
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Table 1
Hepatoprotective agents used for different types of injury in DILI.

Drugs to be used Mechanism of action Targeted injury pattern Ref

N-Acetyl cysteine (NAC) Replenishment of the GSH pool APAP-induced hepatotoxicity (mainly) [65]
Corticosteroids Regulation of glucocorticoid function to inhibit inflammation Severe immune hepatitis-like features [66,67]
Magnesium isoglycyrrhizinate
(MgiG)

Attenuation of oxidative stress Hepatocellular injury or mixed injury [68]

Bicyclol Scavenger of free radicals; inhibition of cytokine production Mild-to-moderate hepatocellular and mixed DILI; severe
inflammation

[69,70]

Glycyrrhizic acid Inhibition of hepatic apoptosis and necrosis; inhibition of the
NF-κB pathway

Mild-to-moderate hepatocellular and mixed DILI; severe
inflammation

[71]

Silymarin Prevention of apoptosis; enhancement of SOD and peroxidase. Mild inflammation [72,73]
Ursodeoxycholic acid (UDCA) Regulation of bile acid pool; immunomodulation Cholestatic DILI [66,74]
S-Adenosyl methionine (SAMe) Replenishment of the GSH pool Cholestatic DILI [75]

Abbreviations – DILI: drug-induced liver injury; GSH: glutathione; NF-κB: nuclear factor kappa B; SOD: superoxide dismutase.
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designing formulations for sequential delivery is the onset (slow/fast)
and the duration (short/long) of release for each drug. NAC is usually
given for 72 h for DILI treatment [85], whereas corticosteroid therapy
typically lasts several weeks, and abrupt withdrawal may cause relapse
in liver injury [86]. Micro-/nanoparticles with a core-shell structure,
such as microspheres consisting of a poly(lactic acid) (PLLA) core and
a poly(lactic-co-glycolic acid) (PLGA) shell, are potential delivery sys-
tems [40]. As the PLGA shell degrades more rapidly than the PLLA
core, incorporating NAC in the shell would facilitate rapid and short-
term release for quenching of reactive metabolites. Superoxide dismut-
ase (SOD) could also be used for the removal of reactive oxygen species,
as targeted delivery of SOD to the liver has shown improvement in
APAP-induced hepatotoxicity in an animal model [87]. Incorporating
corticosteroid in the PLLA core would achieve prolonged release for
themodulation of inflammatory response. Decorating the drug delivery
particles with liver-targeting moieties such as galactose [88] may re-
duce side effects associatedwith the high dose of NAC through localized
delivery. Sequential delivery of NAC and corticosteroid for DILI treat-
ment is supported by a recent study, which reported that NAC (7
days) and prednisolone (2weeks) treatment improved serumbiochem-
istries of patients with severe flupirtine-induced liver injury [89]. It is
worth investigating whether the long intervention window of DILI can
benefit from convolution of or repeated cycles of much shorter window
(minutes to hours) of sequential delivery of drug combinations.

ConcerningMSC transplantation for ALF, immaturity of the differen-
tiated hepatocyte is a major challenge. 3D culture systems can promote
the maturity of stem cell-derived hepatocyte-like cells and maintain
functions better than 2Dmonolayer culture systems [90,91]. Li et al. de-
veloped a PLGA scaffold coated with collagen for the differentiation of
bone marrow MSCs to hepatocyte-like cells [92]. Compared to cell dif-
ferentiation in 2D monolayer cultures, the cell numbers and metabolic
functions were significantly higher in the scaffold. Sequential delivery
ofmultiple growth factors can be synergizedwith a scaffold-based strat-
egy to promote hepatic differentiation. Bishi et al. developed an ex vivo
bioengineered liver tissue composed of bone marrow-derived MSCs
grown on an electro-spun PLLA nanofiber mesh [93]. Gelatin was
blended with the PLLA solution to form PLLA/gelatin nanofibers for im-
proved wettability and cell adhesion through RGD–integrin interac-
tions. Bone marrow MSCs were seeded on the PLLA/gelatin nanofiber
mesh and subjected to endoderm differentiation, hepatic lineage speci-
fication, and hepatic maturation by sequential addition of growth fac-
tors. Higher cell proliferation and more hepatocyte-like cells were
observed on the PLLA/gelatin nanofiber mesh than on the PLLA scaffold.

Hydrogels are potential candidates for local delivery of cells, as the
porous structure and aqueous environment allow cell encapsulation
Fig. 2. Sequential delivery strategy used in various diseases. The multifactorial pathogenesis r
period. Due to the encapsulation ability of micro-/nanoparticle and lay-by-layer assembly,
Hydrogel is suitable for delivering peptide and/or protein drugs. The flexibility and capacity
NAFLD. Cell-based therapy is applicable for acute liver failure caused by DILI. AFLD: alcoholic
hepatocellular carcinoma.
and efficient exchange of nutrients and metabolites. For instance, a
thermogel composed of poly(ethylene glycol)-b-poly(L-alanine) (PEG-
L-PA) was developed for the encapsulation and hepatic differentiation
of MSCs [94]. Tonsil-derived MSCs were encapsulated in PEG-L-PA
thermogels by increasing the temperature of amixture of cells and poly-
mers to 37 °C to induce sol-gel transition. In situ differentiation of MSCs
to hepatocytes in hydrogels could be carried out by incorporating
growth factors such as epidermal growth factor, basic fibroblast growth
factor, and HGF in the hydrogel. To prevent rapid diffusion of growth
factors from the hydrogels, growth factors could be preencapsulated
in microspheres before co-encapsulating with cells in the hydrogel
[95]. The clinical benefits of these strategies that can promote MSC dif-
ferentiation to hepatocyte-like cells for rescuing liver functions remain
to be investigated.

3.2. Chronic hepatitis B (CHB) infection

CHB infection has become a global public health issue. Approxi-
mately 257 million people have been infected with HBV, which led to
887,000 deaths in 2015 [96]. Acute hepatitis B infection is defined as
the first exposure to HBV. This could be effectively removed by intrinsic
immunity of the patient within 6 months, with or without emergency
treatment [64]. If the body fails to clear the virus and the infection per-
sists for more than 6months, then chronic hepatitis develops, requiring
life-longmedication to suppress the virus load and to reduce the risk of
further liver damage [97].

HBV grows in the hepatocytes and mainly damages them. The life
cycle of the virus has been well studied with the identification of key
components such as entry receptor, polymerase, and assembly machin-
ery [98]. The double-stranded DNA virion enters the hepatocytes in a
receptor-dependent manner and releases the genome and polymerase
into the host cytoplasm. After translocation into the host nucleus, the
formation of a covalently closed circular DNA (cccDNA) relies on its
own polymerase, whereas the transcription of viral RNA takes advan-
tage of the cellular machinery. The presence of cccDNA attributes to
the persistence and reactivation of the disease. More viral genomes
and proteins are synthesized fromRNA and enveloped in the host endo-
plasmic reticulum.

3.2.1. Current CHB treatments and limitations
Treatment for CHB is determined by the exposure to the virus and

the period of infection. For exposure to the virus for a few days, emer-
gency treatment is helpful to curb the infection; if infected for a few
weeks or months (acute hepatitis B infection), then treatment is neces-
sary to relieve the symptoms while the body fights off the infection.
equires precise control of drug release in a specific stage, or sustained release during the
they benefit the delivery of anti-cancer, anti-viral and/or other small molecule drugs.
of microdevice allows it to deliver complex administration schemes for DILI and AFLD/
fatty liver disease; DILI: drug-induced liver injury; HBV: hepatitis B virus infection; HCC:
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When the virus is not cleared from the body andwhen the infectionper-
sists for more than 6 months (CHB), antiviral medication is adminis-
tered to keep the virus under control and reduce the risk of liver
damage [97].

Anti-HBV treatment involves targeting theHBVpolymerasewith de-
signed nucleotide analogues (NAs), i.e., lamivudine, adefovir dipivoxil,
tenofovir, and entecavir [99]. They are administered orally and show a
rapid antiviral effect; however, drug resistance has been observed on
prolonged treatment [99]. Other approaches to target viral replication,
such as small interference RNA, capsid assembly inhibitors
(heteroarylpyrimidines and sulfamoyl benzamide), and entry receptor
inhibitors (i.e., Myrcludex B) showed equivalent or improved clearance
compared to conventional NAs [100]. Despite sero-clearance of HBV,
there is still a threat of liver-related complications and HBV reactivation
because of the persistence of extrahepatic cccDNA. New approaches to
eliminate this extrahepatic cccDNA have been investigated, including
zinc finger protein, TALENs, and CRISPR/Cas9 [100]. On the other
hand, improved host immune responses could enhance viral clearance;
therefore, immunomodulating peptides (IMPs) have been developed
[101]. Interferon α (IFN-α) and the pegylated analog (PEG-IFN) are
the only approved IMPs in the market. The antiviral effect is based on
two mechanisms: suppression of HBV replication in infected hepato-
cytes and activation of T cell-mediated HBV-specific immune response.
However, severe side effects and high cost limit their prolonged admin-
istration [102].

3.2.2. Sequential drug delivery for CHB
Both NAs and IMPs have distinct complementary effects to host im-

munity, e.g., PegIFN depletes CD8+ T cells [103], whereas long-term NA
therapy restored HBV-specific T cells, which enhances the efficacy of
IMP therapy [104]. Sequential delivery of IMPs andNAs could be admin-
istered for the treatment of HBV infection. Synergistic efficacy of NAs
and IMP combination therapywith different strategies has been investi-
gated and summarized by Su and Liu [105], and beneficial efficacy was
reported when NAs and IMPs were administered sequentially. For ex-
ample, in patients with chronic hepatitis B, sequential therapy of
lamivudine (orally daily) for 8 weeks followed by combination with
IFN-α (daily subcutaneous administration) for 16 weeks and then con-
tinuation of lamivudine until 52 weeks resulted in a higher seroconver-
sion rate than lamivudinemonotherapy [106]. The immunomodulatory
effect of IFN therapy and the persistent antiviral effect of lamivudine
contributed to the increased seroconversion rate. In Japan, sequential
treatmentwith entecavir, followed by IFN, has become a recommended
first-line therapy for selective patients [107].

Presently, there are no drug delivery systems designed for the se-
quential release of NAs and IFN in hepatitis B treatment. However, a
number of delivery systems described in the literature may tackle the
limitations of existing treatment regime. For instance, frequent injec-
tions of IMPs (e.g., IFN andPEG-IFN) in hepatitis treatment cause patient
discomfort and lower patient compliance, which prompted the devel-
opment of an injectable dextranhydrogel system containing PEGmicro-
domains for the long-term release of pegylated IFN-α2a (PEG-IFN-α2a)
[108]. PEG-IFN-α2a physically partitioned in the PEG microdomains
was released for more than 3 months. In the context of sequential
drug delivery for hepatitis B treatment, following NA therapy to inhibit
viral replication, a hydrogel containing PEG-IFN-α2a may be given to
patients who are deemed responsive to IFN therapy to achieve
sustained viral suppression. Alternatively, it might be worth investigat-
ing whether repeated cycles of the local and short-duration (seconds to
hours) sequential delivery of drug combination can achieve similar or
better EPS than the longer interventionwindows. For drug delivery sys-
tems that can release NAs and IFN sequentially, micro-electro-
mechanical systems (MEMS)-based devices should be considered, as
they can deliver a wide range of drugs including small-molecule
drugs, mid-size peptide therapeutics, and larger protein-based thera-
peutics [109–111]. For instance, Kristy et al. used a dual-layered
hydrogel system presented in microdevices with one reservoir to
achieve sequential release of different-sized drugs, i.e., insulin and
camptothecin [112]. Chirra et al. used multiple reservoirs microdevice
that canbefilledwithmultiple drugs usingdifferent hydrogels or biode-
gradable polymeric systems for independent rate-controlled delivery
through oral administration with potential for sequential drug delivery
[113].

3.3. Fatty liver diseases

Fatty liver diseases can be alcohol-induced fatty liver disease (AFLD)
or NAFLD. AFLD ismainly caused by over-consumption of alcohol, while
NAFLD has a close association with metabolic syndrome and/or obesity
and diabetes [114]. Both diseases exhibit similar liver injury patterns
caused by abnormal accumulation of lipid in hepatocytes greater than
5% [115]. In early stages of AFLD or NAFLD, amild centrilobular steatosis
is seen but reversible. The excessive fat, however, is cytotoxic to hepato-
cyte by exhaustion of redox balance. Hepatocyte damage and death re-
sult in orderly inflammatory and regenerative responses [116]. Both
metabolic and inflammatory abnormalities are important mechanisms
of liver injury progression in a severe form called steatohepatitis
[117,118]. Repeated and cumulative hepatocyte injuries may elicit sig-
nals necessary to stimulate fibrogenesis, thus leading to cirrhosis and
HCC [119].

As comorbidity tometabolic syndromes anddiseases, theprevalence
of NAFLD has been constantly increasing from 15% in 2005 to 25% in
2010 globally [120]. NAFLD is found in 40-80% of people who have
type 2 diabetes and in 30-90% of people who are obese. Having noticed
the substantial epidemiology and unique etiology of fatty liver diseases
(combination of abnormal metabolism, inflammation, and matrix re-
modeling), NAFLD has become the leading risk factor of HCC [121].
The cirrhosis-independent development of HCC occurs more frequently
in NAFLD than in viral infection [122]. The underlying carcinogenic fac-
tors include increased DNA damage and impaired cellular surveillance
through metabolic and immune alteration as summarized by Yang
et al. [123].

3.3.1. Current treatments for fatty liver diseases and limitations
For AFLD treatment, cessation of alcohol consumption can be effec-

tive. Herbal medicine such as lutein [124] and persimmon vinegar
[125] is beneficial by reducing alcohol-induced oxidative stress and in-
flammation. For severe AFLD that has progressed to end-stage diseases,
no direct cure is available other than LT [126]. Improvement bymodify-
ing lifestyle was relatively effective in a particular cohort [127], and any
approved medicine is still scarce.

Metformin and pioglitazone have shown off-label, but controversial
effects to improve steatosis in patients. Newer therapies target key reg-
ulators involved in lipid homeostasis to reduce lipid synthesis and in-
crease catabolism. Approaches include agonism of the insulin pathway
(thiazolidinedione), peroxisome proliferator-activated receptor
(PPAR) (e.g., pemafibrate and elafibranor), and farnesoid X receptor
(FXR) (e.g., obeticholic acid), as well as inhibition of de novo lipogenesis
(aramchol). Intrahepatic or extrahepatic inflammation is a secondary
target. Therapeutic effect reassessment has been applied to the antioxi-
dant Vitamin E and some probiotics. Although Vitamin E significantly
improved NASH activity score in the PIVEN trial (NCT00063622) com-
pared to placebo, the medical use is still limited due to poor knowledge
of the long-term effects. Toll-like receptor-4 is targeted, as it is a modu-
lator of the classical activation pathway of Kupffer cells. Apoptosis sig-
naling kinase 1 (ASK1) inhibitor is undergoing validation in a phase 3
trial. Fibrosis is the third target, including lysyl oxidase-like 2 (LOXL2)
inhibitor, cysteine-cysteine motif chemokine receptor-2/5 (CCR2/5) in-
hibitor, and galectin-3 antagonist. More details are documented by
Sumida et al. [128] and Younossi et al. [129].

There are no medications approved by the U.S. Food and Drug Ad-
ministration for the treatment of NASH. Obeticholic acid, elafibranor,
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and aramchol are the three drugs in the most advanced phase III trials
[130]. In addition, combinatorial therapy showed potential for en-
hanced efficacy in preclinical and early clinical trials, prompting further
investigation of this field. Gilead has initiated the ATLAS program to val-
idate the combination of selonsertib and ACC inhibitor/FXR agonist
(NCT03449446). More combinations include, to name a few, FXR ago-
nist/caspase inhibitor, FXR agonist/cenicriviroc (TANDEM,
NCT03517540), and so on.

3.3.2. Sequential drug delivery for NAFLD
It is worth investigating combination therapy and sequential deliv-

ery for synergistic efficacy in treating NFLAD and ultimately reducing
the risk of HCC development. Because of the complex interplay between
metabolic alterations and chronic inflammation [123], strategies to in-
hibit both processes are possibly beneficial for treating steatosis and
NASH. To uncover additional complementary targets for therapeutic in-
terventions, Friedman et al. suggested using transcriptomics to identify
unaffected pathways in response to a known drug [131]. Whether re-
peated and local sequential delivery could improve EPS and reduce
the course of treatment needs further evaluation. Further, supplemen-
tary therapy consisting of dietary and exercise could be considered to
relieve metabolic syndromes.

Antifibrotic treatment may differ from those against steatosis and
NASH. In fibrosis, the deposition of collagen not only distorts the area
for hepatocyte regeneration [132] but also poses a barrier to drug trans-
port and absorption [133]. Therefore, elimination of excessive collagen
fiber by delivering interstitial collagenases such as matrix
metalloproteinase-1 could be prioritized for the re-establishment of
the regenerative sinusoidal microenvironment [134]. Subsequent ad-
ministration of antifibrotic drugs to inhibit active HSCs is necessary to
prevent the production of ECM. In addition to targeting HSCs directly,
anti-inflammatory agentsmay be helpful, as HSCs are capable of sensing
andmediating inflammatory responses [119]. This strategymay benefit
from repeated and local sequential delivery, as better drug adsorption
substantially depends on collagen resolving. In this case, nanoparticles
with collagen-dissolving agents on the shell and HSC inhibitor in the
core could become a prototype of a sequential delivery platform.

In addition, cell therapy has been used to improve fibrosis.
Watanabe et al. injectedMSCs andmacrophages into rodentswithfibro-
sis and showed synergistic pathological improvement [135]. M2 polari-
zation of macrophages characterized with phagocytic ability was
promoted when coexisting with MSCs in vitro. The migration and en-
graftment of macrophages were enhanced when co-delivered with
MSCs. AsMSCs play an auxiliary role to support themigration, polariza-
tion, and phagocytosis of macrophages, it is interesting to examine
whether functional segmentation of these cells by sequential delivery
would further improve liver function.

3.4. End-stage liver diseases

Cirrhosis is defined as the diffuse nodulation pattern of liver
fibrogenesis in response to chronic liver injury [136]. It is the end-stage
formoffibrosis.Thehepatocyteslosecontactwiththecentralveinandbe-
come nonfunctional. It results from a range of causes from chronic viral
hepatitis B (±D) or C, fatty liver diseases, autoimmune hepatitis, DILI,
etc. The progression from chronic liver diseases to cirrhosis includes in-
flammation, active hepatocyte regeneration by proliferation of hepato-
cyte progenitor cells, activation of HSCs that contribute to the fibrosis
withthehelpofportalfibroblasts,angiogenesis,andparenchymalextinc-
tion lesion causedbyvascular occlusion [137–139]. TGFβ is an important
anti-inflammatoryagentbutpromotesfibrogenesis [140,141].Uponsuc-
cessful removal of the insult, cirrhosis is reversible. Fibrogenesis is
inactivated by growth factors and cytokines and counterbalanced by
ECM clearance, modulated by enzymes such asmatrixmetalloprotein-
ases [142]. This process calledfibrosis/cirrhosis resolution occurswith a
sequence of events leading to clinical cirrhosis regression.
HCC is the main cause of death in patients with cirrhosis and the
third leading cause of cancer-related death [143,144]. It has a high inci-
dence and mortality rates in most of the countries, particularly in east-
ern Asian regions such as China [145]. The most common causes of
HCC are chronic liver diseases such as viral hepatitis (HBV, hepatitis C
virus) [146], alcohol abuse, and NASH [122]. In spite of the high preva-
lence, the prognosis of HCC is so poor that approximately 70% of the
time, it is detected and diagnosed at advanced, inoperable stages and re-
sults in a high morbidity rate [147]. HCC exhibits a complex pattern
of heterogeneity in molecular pathogenesis, with various genetic/
epigenetic mutations identified among the patients [148]. Tumor-
specific and liver-specific characteristics also contribute to the extreme
difficulty in our understanding and treatment of HCC [149].

3.4.1. Current HCC treatments and limitations
Several countries have similar clinical guidelines for the treatment of

HCC [150–153]. It mainly includes resection, LT, ablation, transarterial
chemoembolization (TACE), hepatic arterial infusion chemotherapy
(HAIC), and systemic therapy depending on disease stages (Barcelona
Clinic Liver Cancer staging) (Table 2).

TACE is used for patients with HCC in stage A or stage B. Taking ad-
vantages of the sole nutritional distribution to the tumor through the
hepatic artery [154], the emulsion of iodinated oil (e.g., Lipiodol) and
chemotherapeutic drugs are delivered using a catheter to this tumor-
feeding arteries. The arteries are then occluded with additional embolic
microparticles or microspheres such as Gelfoam or polyvinyl alcohol
(PVA), which limit the blood supply to tumors, and high doses of cyto-
toxic drugs are released to the tumors. The integration of drug-eluting
beads (DEBs) improves drug-releasing dynamics with lower cytotoxic-
ity and for a prolonged releasing period.

Although initial treatment with TACE offers survival benefits to pa-
tients with unresectable tumors, the recurrence of the tumors is often
observed [155]; the recurring tumors often have reduced doubling
time [156], indicating accelerated growth of the neoplasms, which de-
mands routine screening and timely intervention. It could be attributed
to TACE-induced vascular endothelial growth factor (VEGF) secretion
and local vasculature, both of which are beneficial for tumorigenesis
[157]. Therefore, release of antiangiogenic agents from DEBs following
chemotherapeutic drugs could be developed as sequential delivery.

In HCCwith vascular invasion and extrahepatic metastasis (stage C),
systemic therapy is favored to combat the proliferation and angiogenic
activity of the tumor and the metastasized cancer cells. Thus far, there
is only a handful of FDA-approved drugs for the treatment of liver can-
cer (sorafenib [158,159], regorafenib [160], nivolumab [161],
pembrolizumab [162], and lenvatinibmesylate [163]), of which the cur-
rent standard is oral sorafenib, which has shown only a three-month in-
crease in overall survival [159]. Lack of effective systemic therapeutic
drugs for stage C HCC warrants the need for further drug development
and novel therapeutic strategies leveraging on combinatorial or sequen-
tial administration of different drugs.

An increasing number of studies have attempted combination treat-
ment of sorafenib with other forms of treatment including TACE or se-
quential delivery of a second-line systemic therapeutic drug. The
efficacy of combining TACE with sorafenib treatment varied widely,
but assessment of the overall outcome of these trials suggests that this
approach indeed leads to improvement in overall survival [164]. Fur-
thermore, it is sensible to switch from TACE into systemic therapies
when TACE refractory occurs during the intermediate stage, as the
liver function is better preserved [165,166].

3.4.2. Sequential drug delivery for HCC
The fact that TACE induces local vasculature raises the possibility of

sequential delivery of chemotherapeutic and antiangiogenic drugs. Ini-
tial release of chemotherapeutic drugs kills tumor cells, followed by a
second pulse of antiangiogenic drugs to inhibit vasculature. Improved
survival rate was observed in the sequential delivery of the



Table 2
Sequential drug delivery strategies for different stages of hepatocellular carcinoma

Stagea Treatment Current developments Recurrence, limitations, and
risks

Drug delivery strategies to overcome
limitations

Stage 0 Resection • Laparoscopic surgery to reduce
surgical and postoperative compli-
cations

• TARE to improve hypertrophy/-
compensatory growth of the con-
traindicated lobe

• High recurrence rates • N.A.

Stage A
and
Stage
B

Resection, TACE, TARE, MWA, OLT, SBRT For TACE

• Various embolic agents:
• Thermosensitive shape-memory
hydrogels to adapt to complex
vascular geometries [182]

• Drug-eluting beads (DEB-TACE)
• Radiopaque DEBs
• Magnetic DEBs [183]

• Rapid release of drugs from
DEBs [184]

• No improvement in OS
[185,186]

• Recurrence of tumors in the
same lesion or in new sites
in the liver [155]

• TACE induces VEGF secre-
tion and local vasculature
[157].

• LbL and core/shell microspheres for sequen-
tial drug release over long periods.

• Sequential delivery of chemotherapeutic
and antiangiogenic agents (PTX/CA4
[167,168] and MTX/CA4 [171]).

• LbL, core/shell loaded with chemotherapeu-
tic and antiangiogenic drugs may be used.

Stage C • Systemic chemotherapy: sorafenib (1L),
levatinib (1L), regorafenib (2L),
cabozantinib (2L), nivolumab (2L)

• HAIT

• Various delivery platforms
[167,187]

• Nanomaterials with NIR dyes
[177]

• Limited efficacy
• Systemic side effects [188]
• High recurrence rates

• Combinatorial therapy with TACE
• Sequential delivery of PTX+RO3306 [172]
PTX+TNF [173], epirubicin +κ-Selenocarrageenan [174]

Stage D OLT, BSC TACE as a bridging therapy • Scarcity of donor
• High recurrence rates

• N.A.

a Several systems for staging and practical guidelines of HCC exist; this table refers to Barcelona Clinic Liver Cancer staging and practical guidelines of American Association for the Study
of Liver Diseases [151]. Abbreviations – 1L: first line; 2L: second line; BSC: best supportive care; LbL: layer-by-layer; MTX: methotrexate; MWA:microwave ablation; NIR: near-infrared;
OLT: orthogonal liver transplantation; OS: overall survival; PTX: paclitaxel; SBRT: stereotactic body radiation therapy; TACE: transarterial chemoembolization; TARE: transarterial
radioembolization; TNF: tumor necrosis factor; VEGF: vascular endothelial growth factor.
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chemotherapeutic drug paclitaxel (PTX) and the antiangiogenic agent
combretastatin A4 (CA4) [167,168] when compared with the release
of any single drugs. It is attractive, as monotherapy of PTX has limited
efficacy for HCC in phase I [169] and phase II trials [170]. Similarly, im-
provement was shown in the combination of methotrexate (MTX)
and CA4 [171].

Sequential delivery of PTXwith another agent also showed synergis-
tic efficacy. Xiao et al. reported that synergistic apoptosis was observed
from the sequential treatment of PTX with a cyclin-dependent kinase 1
inhibitor (RO3306) onHepG2 cell line [172].Mineroa et al. reported that
the sequential use of PTX followed by TNF significantly induced apopto-
sis on HepG2 and mice models bearing HCC tumors when compared
with PTX alone [173]. Ji et al. have reported the schedule-dependent ef-
fects of epirubicin and κ-selenocarrageenan on both in vitro and in vivo
HCC models [174]. However, Ahn et al. reported that systemic therapy
with sunitinib after sorafenib has limited effect for 18 patients with ad-
vanced HCC [175].

The implementation of sequential drug delivery for HCC could ben-
efit from LbL or core-shell structures by compartmenting various
drugs. A core-sheath nanofiber loaded with hydrophobic 10-
hydroxycamptothecin (HCPT) and hydrophilic tea polyphenols (TPs)
showed sequential release forHCC. Themajority of HCPTwas rapidly re-
leased in the first 4 days,whereas TPwas dominant from the 4th day on-
wards [176]. Zhang et al. developed an amphiphilic Janus nanoparticle
showing distinct release profile of the two drugs upon near-infrared
(NIR) stimulation and improved tumor inhibition in vitro and in vivo
[177]. Moreover, pH-sensitive pullulan conjugated with MTX could
form a spherical shape.When loadedwith CA4, a distinct release profile
of MTX and CA4 was observed [171]. Although these nanoparticle-
based platforms are not adaptable for TACE as appropriate embolic
agents, proof-of-concept studies shed light on further investigation on
the micron-graded sequential delivery system.

HAIC is also widely used in Asian countries for advanced-stage pa-
tients to improve both survival and quality of life, especially for patients
with portal vein tumor thrombus who cannot accept TACE [178]. Al-
though single or combined HAIC administrations of epirubicin, doxoru-
bicin, 5-fluororacil (5-FU), cisplatin (CDDP), miriplatin, zinostatin, and
oxaliplatin have been clinically applied for HCC treatment, the optimal
protocol has yet to be validated in a large-scale clinical trial [178].
Itamoto et al. reported sequential administration of HAIC (CDDP (1
h) + 5-FU (24 h) on days 1-5, cessation on days 6 and 7, repetition for
more than three times tomaximize the effect of 5-FUwith pretreatment
of CDDP [179]. Yamasaki et al. reported sequential drug infusion strate-
gies (CDDP, 10 mg/1 h→ lamivudine, 12 mg/10 min→ 5-FU, 250 mg/5
h) through a subcutaneously implanted injection port [180]. Advances
in the technology of implantable drug delivery systems have facilitated
arterial infusion of repeated and multiple chemotherapeutic agents, as
well as long-term continuous infusion. Celsite® Arterial Port Systems
is a representative commercial product designed for arterial applica-
tions and permit loco-regional chemotherapy, which can directly target
tumors [181]. The port is implanted at the base of the ribs, and the cath-
eter is inserted into the gastroduodenal artery, with the tip lying in the
hepatic artery. These implanted port systems show great potential for
dose-controlled and sequential or combination therapy. Further, some
wireless controlled and programmable techniques could also be incor-
porated with such implanted port system for precise controlled release,
and a multireservoir design could be integrated for multiple drug
delivery.

4. Future prospects and concluding remarks

The growing burden of liver diseases and the limitations of LTs
worldwide warrant novel treatment strategies. In this review, we sum-
marized the current treatment modalities and their limitations for four
types of liver diseases and identified potential targets or combination of
drugs for sequential drug delivery. While sequential delivery of drugs
has shown enhancement in synergistic efficacy and reduced hepatotox-
icity in cell-based and animal models, particularly in HCC treatment,
these proof-of-concept studies remain to be validated by clinical trials,
as animalmodels only partially recapitulate the pathological complexity
and etiological heterogeneity [189].

In addition to identifying themost suitable combination of drugs, an-
other challenge in sequential drug delivery is to determine the treat-
ment duration of each drug to achieve optimal outcome. For example,
in chronic hepatitis B treatment, various treatment regimens for involv-
ing NAs and IFNs have been reported, including the add-on strategy, in
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which short-termNAmonotherapy (severalmonths)was followed by a
combination of both NAs and IFN therapies for half a year, and the
switch-to strategy, in which NA monotherapy lasting from several
months to years was ceased before initiating IFN monotherapy [190].
In other cases, NAs were prescribed before and after IFN therapy, as in
the study by Sarin et al., in which lamivudinewas continued after cessa-
tion of IFN [106]. More studies comparing the long-term therapeutic
outcome between different treatment regimens are required to estab-
lish the guidelines for sequential therapy of NAs and IFNs/PEG-IFNs in
chronic hepatitis treatment and likewise for other liver diseases.

Periodic on-treatment monitoring of biomarkers that are indicative
of therapy outcome should be implemented to aid in the decision-
making process of switching or terminating therapies in sequential
drug delivery. For DILI, tracking hepatic enzymes such as alanine amino-
transferase and aspartate aminotransferase and bilirubin is relatively in-
dicative to the extent of hepatotoxicity [191,192]. For chronic hepatitis
B, virologic response of NAs and IFN therapies could be evaluated by
measuring the serum HBV DNA levels and hepatitis B surface antigen
(HBsAg) [193]. For NAFLD, as biopsy is still golden standard for patho-
logical assessment, development and application of noninvasive diag-
noses are urgent for routine clinical setting [194]. For HCC treatment,
imaging techniques such as CT andMRI could be used to evaluate treat-
ment outcome, with MRI reported to be more sensitive than CT in de-
tecting small lesions [195].

Through this review, we aim to highlight the needs of sequential
drug delivery to encourage the development of innovative methods
and technologies that could benefit patients suffering from liver
disorders.
Declaration of Competing Interest

Hanry Yu holds equity at Invitrocue, HistoIndex, Osteopore,
Vasinfuse, and Pishon Co. Ltd. There is no direct conflict of interest with
the submitted work.

Acknowledgment

We thank the members of the Translational Mechanobiology Labo-
ratory for their technical support and stimulating scientific discussion.
This work is supported in part by the Institute of Bioengineering and
Nanotechnology, Innovations for Food and Chemical Safety (IFCS) &
EMULSION programmes, Biomedical Research Council, Agency for Sci-
ence, Technology and Research, Singapore (A*STAR), A*STAR (Project
Number 1334i00051); National Medical Research Council (NMRC) (R-
185-000-294-511); Ministry of Health, Singapore; National University
Health System (NUHS), Singapore, Innovation Seed Grant 2017 (R-
185-000-343-733); Ministry of Education, Singapore MOE ARC (R-
185-000-342-112); SMART CAMP; and Mechanobiology Institute of
Singapore (R-714-006-008-271) National Research Foundation, Prime
Minister’s Office, Singapore funding to HYU. Xiaozhong Huang, Min
Sun, and Ziwei Song are research scholars of the National University of
Singapore.

References

[1] P. Byass, The global burden of liver disease: a challenge for methods and for public
health, BMC Med. 12 (2014), 159.

[2] P. Marcellin, B.K. Kutala, Liver diseases: a major, neglected global public health
problem requiring urgent actions and large-scale screening, Liver Int. 38 (Suppl.
1) (2018) 2–6.

[3] S.K. Asrani, H. Devarbhavi, J. Eaton, P.S. Kamath, Burden of liver diseases in the
world, J. Hepatol. 70 (2019) 151–171.

[4] E. Trefts, M. Gannon, D.H. Wasserman, The liver, Curr. Biol. 27 (2017)
R1147–R1151.

[5] E. Kuntz, Biochemistry and functions of the liver, P.H.M.B.D.C. Ther. (2006) 31–71.
[6] K. Jungermann, T. Keitzmann, Zonation of parenchymal and nonparenchymal me-

tabolism in liver, Annu. Rev. Nutr. 16 (1996) 179–203.
[7] L. Rui, Energy metabolism in the liver, Compr. Physiol. 4 (1) (2011) 177–197.
[8] B. Combes, Excretory function of the liver, The Liver 1964, pp. 1–35.
[9] M.D. Erion, Prodrugs for Liver-Targeted Drug Delivery, Prodrugs, Springer, New
York, NY, 2007 541–572.

[10] N. Mishra, N.P. Yadav, V.K. Rai, P. Sinha, K.S. Yadav, S. Jain, S. Arora, Efficient hepatic
delivery of drugs: novel strategies and their significance, BioMed Res. Int. 2013
(2013) 20.

[11] W.W. Lautt, Hepatic circulation, Physiology and Pathophysiology, Colloquium Se-
ries on Integrated Systems Physiology: From Molecule to Function, Morgan &
Claypool Publishers, 2009 1–174.

[12] T.M. Allen, P.R. Cullis, Drug delivery systems: entering themainstream, Science 303
(2004) 1818–1822.

[13] L. Yuan, J. Wang, W. Shen, Reversible lipidization of somatostatin analogues for the
liver targeting, Eur. J. Pharm. Biopharm. 70 (2008) 615–620.

[14] Z. Chen, A. Jain, H. Liu, Z. Zhao, K. Cheng, Targeted drug delivery to hepatic stellate
cells for the treatment of liver fibrosis, J. Pharmacol. Exp. Ther. 370 (2019)
695–702.

[15] S. Wang, H. Xu, J. Xu, Y. Zhang, Y. Liu, Y. Deng, D. Chen, Sustained liver targeting
and improved antiproliferative effect of doxorubicin liposomes modified with
galactosylated lipid and PEG-lipid, AAPS PharmSciTech. 11 (2010) 870–877.

[16] S. Gadde, Multi-drug delivery nanocarriers for combination therapy,
MedChemComm. 6 (2015) 1916–1929.

[17] C.C. Franz, S. Egger, C. Born, A.E. Rätz Bravo, S. Krähenbühl, Potential drug-drug in-
teractions and adverse drug reactions in patients with liver cirrhosis, Eur. J. Clin.
Pharmacol. 68 (2012) 179–188.

[18] A. Li, A review of the common properties of drugs with idiosyncratic hepatotoxicity
and the “multiple determinant hypothesis” for the manifestation of idiosyncratic
drug toxicity, Chem.-Biol. Interact. 142 (2002) 7–23.

[19] G. Shim, M.-G. Kim, D. Kim, J.Y. Park, Y. Oh, Nanoformulation-based sequential
combination cancer therapy, Adv. Drug. Deliv. Rev. 115 (2017) 57–81.

[20] A.R. Higgins, Experimental pathology of the liver, 1:Restoration of the liver of the
white rat following partial surgical removal, Arch. Pathol. 12 (1931) 186–202.

[21] E. Stocker, H.K. Wullstein, G. Brau, Capacity of regeneration in liver epithelia of ju-
venile, repeated partially hepatectomized rats. Autoradiographic studies after
continous infusion of 3H-thymidine (author's transl), Virchows Arch. B Cell Pathol.
14 (1973) 93–103.

[22] N. Yamanaka, E. Okamoto, T. Kato, T. Oriyama, J. Fujimoto, T. Tanaka, F. Tomoda, W.
Tanaka, Dynamics of normal and injured human liver regeneration after hepatec-
tomy as assessed on the basis of computed tomography and liver function,
Hepatology. 18 (1993) 79–85.

[23] G.K. Michalopoulos, Liver regeneration, J. Cell. Physiol. 213 (2007) 286–300.
[24] Y. Miyaoka, A. Miyajima, To divide or not to divide: revisiting liver regeneration,

Cell Div. 8 (2013) 8.
[25] G.K. Michalopoulos, M.C. DeFrances, Liver regeneration, Science. 276 (1997)

60–66.
[26] B. Wang, L. Zhao, M. Fish, C.Y. Logan, R. Nusse, Self-renewing diploid Axin2+ cells

fuel homeostatic renewal of the liver, Nature. 524 (2015) 180–185.
[27] A. Raven, W.-Y. Lu, T.Y. Man, S. Ferreira-Gonzalez, E. O’Duibhir, B.J. Dwyer, J.P.

Thomson, R.R. Meehan, R. Bogorad, V. Koteliansky, Y. Kotelevtsev, C. ffrench-
Constant,, L. Boulter, S.J. Forbes, Cholangiocytes act as facultative liver stem cells
during impaired hepatocyte regeneration, Nature 547 (2017) 350–354.

[28] T. Sakamoto, Z. Liu, N. Murase, T. Ezure, S. Yokomuro, V. Poli, A.J. Demetris, Mitosis
and apoptosis in the liver of interleukin-6-deficient mice after partial hepatectomy,
Hepatology. 29 (1999) 403–411.

[29] C. Walesky, U. Apte, Mechanisms of Termination of Liver Regeneration, Liver Re-
generation, Academic Press, 2015 103–111.

[30] E. Seki, H. Tsutsui, Y. Iimuro, T. Naka, G. Son, S. Akira, T. Kishimoto, K. Nakanishi, J.
Fujimoto, Contribution of Toll-like receptor/myeloid differentiation factor 88 sig-
naling to murine liver regeneration, Hepatology. 41 (2005) 443–450.

[31] S. Paranjpe, W.C. Bowen, W.M. Mars, A. Orr, M.M. Haynes, M.C. DeFrances, S. Liu,
G.C. Tseng, A. Tsagianni, G.K. Michalopoulos, Combined systemic elimination of
MET and epidermal growth factor receptor signaling completely abolishes liver re-
generation and leads to liver decompensation, Hepatology. 64 (2016) 1711–1724.

[32] M.J. Caldez, N. Van Hul, H.W.L. Koh, X.Q. Teo, J.J. Fan, P.Y. Tan, M.R. Dewhurst, P.G.
Too, S.Z.A. Talib, B.E. Chiang, W. Stunkel, H. Yu, P. Lee, T. Fuhrer, H. Choi, M.
Bjorklund, P. Kaldis, Metabolic remodeling during liver regeneration, Dev. Cell 47
(2018) 425–438e425.

[33] M. Klaas, T. Kangur, J. Viil, K. Mäemets-Allas, A. Minajeva, K. Vadi, M. Antsov, N.
Lapidus, M. Järvekülg, V. Jaks, The alterations in the extracellular matrix composi-
tion guide the repair of damaged liver tissue, Sci. Rep. 6 (2016).

[34] R.P. Cornell, B.L. Liuequist, K.F. Bartiza, Depressed liver regeneration after partial
hepatectomy of germ-free, athymic and lipopolysaccharide-resistant mice,
Hepatology. 11 (1990) 916–922.

[35] A. Mak, J. Uetrecht, Immune mechanisms of idiosyncratic drug-induced liver in-
jury, J. Clin. Transl. Res. 17 (2017) 145–156.

[36] J.A. Del Campo, P. Gallego, L. Grande, Role of inflammatory response in liver dis-
eases: therapeutic strategies, World J. Hepatol. 10 (2018) 1–7.

[37] S. Schuster, D. Cabrera, M. Arrese, A. Feldstein, Triggering and Resolution of Inflam-
mation in NASH, Nat. Rev. Gastroenterol. Hepatol.15, 2018 349–364.

[38] C. Huh, V. Factor, A. Sanchez, K. Uchida, E. Conner, S. Thorgeirsson, Hepatocyte
growth factor/c-met signaling pathway is required for efficient liver regeneration
and repair, Proc. Natl. Acad. Sci. 101 (2004) 4477–4482.

[39] E. Arriazu, M. Ruiz de Galarreta, F.J. Cubero, M. Varela-Rey, M.P. Perez de Obanos,
T.M. Leung, A. Lopategi, A. Benedicto, I. Abraham-Enachescu, N. Nieto, Extracellular
matrix and liver disease, Antioxid. Redox Signal. 21 (2014) 1078–1097.

[40] S. Wang, W. Ju, P. Shang, L. Lei, H. Nie, Core–shell microspheres delivering FGF-2
and BMP-2 in different release patterns for bone regeneration, J. Mater. Chem. B
3 (2015) 1907–1920.

http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0005
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0005
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0010
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0010
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0010
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0015
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0015
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0020
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0020
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0025
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0030
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0030
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0035
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0040
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0045
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0045
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0050
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0050
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0050
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0055
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0055
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0055
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0060
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0060
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0065
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0065
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0070
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0070
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0070
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0075
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0075
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0075
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0080
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0080
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0085
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0085
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0085
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0090
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0090
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0090
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0095
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0095
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0100
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0100
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0105
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0105
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0105
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0105
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0110
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0110
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0110
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0110
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0115
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0120
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0120
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0125
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0125
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0130
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0130
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0135
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0135
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0135
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0135
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0140
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0140
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0140
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0145
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0145
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0150
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0150
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0150
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0155
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0155
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0155
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0155
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0160
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0160
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0160
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0160
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0165
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0165
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0165
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0170
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0170
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0170
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0175
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0175
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0180
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0180
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0185
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0185
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0190
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0190
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0190
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0195
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0195
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0195
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0200
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0200
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0200


82 X. Huang et al. / Advanced Drug Delivery Reviews 149–150 (2019) 72–84
[41] T. Richardson, M. Peters, A. Ennett, D. Mooney, Polymeric system for dual growth
factor delivery, Nat. Biotechnol. 19 (2001) 1029–1034.

[42] M. Kang, J. Kim, R. Singh, J. Jang, H. Kim, Therapeutic-designed electrospun bone
scaffolds: Mesoporous bioactive nanocarriers in hollow fiber composites to se-
quentially deliver dual growth factors, Acta Biomater. 16 (2015) 103–116.

[43] K. Tsoi, S. MacParland, X. Ma, V. Spetzler, J. Echeverri, B. Ouyang, S. Fadel, E. Sykes,
N. Goldaracena, J. Kaths, J. Conneely, B. Alman, M. Selzner, M. Ostrowski, O. Adeyi,
A. Zilman, I. McGilvray, W. Chan, Mechanism of hard-nanomaterial clearance by
the liver, Nat, Mater. 15 (2016) 1212–1221.

[44] D. Haute, J. Berlin, Challenges in realizing selectivity for nanoparticle
biodistribution and clearance: lessons from gold nanoparticles, Ther. Deliv. 8
(2017) 763–774.

[45] K. Wood, H. Chuang, R. Batten, D. Lynn, P. Hammond, Controlling interlayer diffu-
sion to achieve sustained, multiagent delivery from layer-by-layer thin films, Proc.
Natl. Acad. Sci. 103 (2006) 10207–10212.

[46] S. Russmann, G. Kullak-Ublick, I. Grattagliano, Current concepts of mechanisms in
drug-induced hepatotoxicity, Curr. Med. Chem. 16 (2009) 3041–3053.

[47] N. Kaplowitz, Idiosyncratic drug hepatotoxicity, Nat. Rev. Drug Disc. 4 (2005)
489–499.

[48] S. Tujios, R. Fontana, Mechanisms of drug-induced liver injury: from bedside to
bench, Hepatology. 8 (2011) 202–211.

[49] A. Daly, P. Donaldson, P. Bhatnagar, Y. Shen, I. Pe’er, A. Floratos, M. Daly, D.
Goldstein, S. John, M. Nelson, HLA-B* 5701 genotype is a major determinant of
drug-induced liver injury due to flucloxacillin, Nat. Genet. 41 (2009) 816–819.

[50] R.A. Roth, P.E. Ganey, Intrinsic versus idiosyncratic drug-induced hepatotoxicity–
two villains or one? J. Pharmacol. Exp. Ther. 332 (2010) 692–697.

[51] J. Uetrecht, Idiosyncratic drug reactions: current understanding, Annu. Rev.
Pharmacol. Toxicol. 47 (2007) 513–539.

[52] L. Bell, N. Chalasani, Epidemiology of idiosyncratic drug-induced liver injury, Sem-
inars in Liver Disease, Thieme Medical Publishers 2009, pp. 337–347.

[53] A. Mak, J. Uetrecht, Immune mechanisms of idiosyncratic drug-induced liver in-
jury, J. Clin. Transl. Res. 3 (2017) 145–156.

[54] J. Stine, J. Lewis, Current and future directions in the treatment and prevention of
drug-induced liver injury: a systematic review, Hepatology. 10 (2016) 517–536.

[55] Y. Yu, Y. Mao, C. Chen, J. Chen, J. Chen, W. Cong, Y. Ding, Z. Duan, Q. Fu, X. Guo, P.
Hu, X. Hu, J. Jia, R. Lai, D. Li, Y. Liu, L. Lu, S. Ma, X. Ma, Y.M. Nan, H. Ren, T. Shen,
H. Wang, J. Wang, T. Wang, X. Wang, L. Wei, Q. Xie, W. Xie, C. Yang, D. Yang, Y.
Yu, M. Zeng, L. Zhang, X. Zhao, H. Zhuang, G. Drug-induced Liver, H. Injury Study,
Chinese Society of, A. Chinese Medical, CSH guidelines for the diagnosis and treat-
ment of drug-induced liver injury, Hepatol. Int. 11 (2017) 221–241.

[56] K.J. Heard, Acetylcysteine for acetaminophen poisoning, N. Engl. J. Med. 359 (2008)
285–292.

[57] N. Chalasani, P. Hayashi, H. Bonkovsky, V. Navarro, W. Lee, R. Fontana, ACG clinical
guideline: the diagnosis and management of idiosyncratic drug-induced liver in-
jury, Am. J. Gastroenterol. 109 (2014) 950–966.

[58] R. Shah, J. Morganroth, D. Shah, Hepatotoxicity of tyrosine kinase inhibitors: clini-
cal and regulatory perspectives, Drug Saf. 36 (2013) 491–503.

[59] K. Koga, S. Kawashima, N. Shibata, K. Takada, Novel formulations of a liver protec-
tion drug glycyrrhizin, Yakugaku Zasshi. 127 (2007) 1103–1114.

[60] L. Abenavoli, R. Capasso, N. Milic, F. Capasso, Milk thistle in liver diseases: past,
present, future, Phytother. Res. 24 (2010) 1423–1432.

[61] P. Katsinelos, T. Vasiliadis, P. Xiarchos, F. Patakiouta, K. Christodoulou, I. Pilpilidis, N.
Eugenidis, Ursodeoxycholic acid (UDCA) for the treatment of amoxycillin-
clavulanate potassium (Augmentin)-induced intra-hepatic cholestasis: report of
two cases, Hepatology. 12 (2000) 365–368.

[62] N. Chu, L. Li, X. Zhang, J. Gu, Y. Du, C. Cai, H. Xiao, Role of bicyclol in preventing
drug-induced liver injury in tuberculosis patients with liver disease, L. Disease.
19 (2015) 475–480.

[63] J. Mato, S. Lu, Role of S-adenosyl-L-methionine in liver health and injury,
Hepatology. 45 (2007) 1306–1312.

[64] P. Hu, P. Wang, H. Chen, X. Hu, Q. Xie, J. Shi, L. Lin, W. Xie, Beneficial effect of cor-
ticosteroids for patients with severe drug-induced liver injury, J. Dig. Dis. 17 (2016)
618–627.

[65] B.H. Lauterburg, G.B. Corcoran, J. Mitchell, Mechanism of action of N-acetylcysteine
in the protection against the hepatotoxicity of acetaminophen in rats in vivo, J. Clin.
Invest. 71 (1983) 980–991.

[66] A.Wree, A. Dechêne, K. Herzer, P. Hilgard,W. Syn, G. Gerken, A.J.D. Canbay, Steroid
and ursodesoxycholic acid combination therapy in severe drug-induced liver in-
jury, Digestion. 84 (2011) 54–59.

[67] D. Ferrero, E.M. Pogliani, G. Rege-Cambrin, C. Fava, G. Mattioli, C. Dellacasa, E.
Campa, P. Perfetti, M. Fumagalli, M. Boccadoro, Corticosteroids can reverse severe
imatinib-induced hepatotoxicity, Haematologica. 91 (2006) ECR27.

[68] Y. Mao, M. Zeng, Y. Chen, C. Chen, Q. Fu, X. Cai, S. Wu, Y. Chen, Y. Sun, J. Li, Magne-
sium isoglycyrrhizinate in the treatment of chronic liver diseases: a randomized,
double-blind, multi-doses, active drug controlled, multi-center study, Chin. J.
Hepatol. 17 (2009) 847–851.

[69] G. Liu, Y. Li, L. Wei, H. Zhang, J. Xu, L. Yu, Mechanism of protective action of bicyclol
against CCl4-induced liver injury in mice, Liver Int. 25 (2005) 872–879.

[70] H. Wang, Y. Li, Protective effect of bicyclol on acute hepatic failure induced by lipo-
polysaccharide and D-galactosamine in mice, Eur. J. Pharmacol. 534 (2006)
194–201.

[71] X. Li, R. Sun, R. Liu, Natural products in licorice for the therapy of liver diseases:
progress and future opportunities, Pharmacol. Res. 144 (2019) 210–226.

[72] J. Gu, S. Tang, S. Tan, Q. Wu, X. Zhang, C. Liu, X. Gao, B. Yuan, L. Han, A. Gao, An
open-label, randomized and multi-center clinical trial to evaluate the efficacy of
Silibinin in preventing drug-induced liver injury, J. Clin. Exp. Med. 8 (2015) 4320.
[73] C. Luangchosiri, A. Thakkinstian, S. Chitphuk, W. Stitchantrakul, S. Petraksa, A.
Sobhonslidsuk, A double-blinded randomized controlled trial of silymarin for the
prevention of antituberculosis drug-induced liver injury, BMC Complem. Altern.
Med. 15 (2015), 334.

[74] K. Lazaridis, G. Gores, K. Lindor, Ursodeoxycholic acid ‘mechanisms of action and
clinical use in hepatobiliary disorders’, J. Hepatol. 35 (2001) 134–146.

[75] D. Santini, B. Vincenzi, C. Massacesi, A. Picardi, U.V. Gentilucci, V. Esposito, G. Liuzzi,
A.C. La, L. Rocci, F. Marcucci, S-adenosylmethionine (AdoMet) supplementation for
treatment of chemotherapy-induced liver injury, Anticancer Res. 23 (2003)
5173–5179.

[76] W. Zhang, L. Tucker-Kellogg, B.C. Narmada, L. Venkatraman, S. Chang, Y. Lu, N. Tan,
J.K. White, R. Jia, S.S. Bhowmick, S. Shen, C.F. Dewey Jr., H. Yu, Cell-delivery thera-
peutics for liver regeneration, Adv. Drug. Deliv. Rev. 62 (2010) 814–826.

[77] N. Fausto, J.S. Campbell, The role of hepatocytes and oval cells in liver regeneration
and repopulation, Mechanisms of Development. 120 (2003) 117–130.

[78] W. Peng, C. Logan, M. Fish, T. Anbarchian, F. Aguisanda, A. Álvarez-Varela, P. Wu, Y.
Jin, J. Zhu, B. Li, M. Grompe, B. Wang, R. Nusse, Inflammatory cytokine TNF pro-
motes the long-term expansion of primary hepatocytes in 3D culture, Cell, 175
e1615 (2018) 1607–1619.

[79] H. Hu, H. Gehart, B. Artegiani, C. LÖpez-Iglesias, F. Dekkers, O. Basak, J. van Es, S.M.
Chuva de Sousa Lopes, H. Begthel, J. Korving, M. van den Born, C. Zou, C. Quirk, L.
Chiriboga, C.M. Rice, S. Ma, A. Rios, P.J. Peters, Y.P. de Jong, H. Clevers, Long-term
expansion of functional mouse and human hepatocytes as 3D organoids, Cell,
175 e1519 (2018) 1591–1606.

[80] X.Wu, R. Tao, Hepatocyte differentiation of mesenchymal stem cells, Hepatobiliary
Pancreat. Dis. Int. 11 (2012) 360–371.

[81] D. Noushin, S. Clara, V. Ludovic, W. Anne, D.-K. Anne, Human pluripotent stem cells
for modelling human liver diseases and cell therapy, Curr. Gene Ther. 13 (2013)
120–132.

[82] T. Takebe, K. Sekine, M. Enomura, H. Koike, M. Kimura, T. Ogaeri, R. Zhang, Y. Ueno,
Y. Zheng, N. Koike, S. Aoyama, Y. Adachi, H. Taniguchi, Vascularized and functional
human liver from an iPSC-derived organ bud transplant, Nature 499 (2013)
481–484.

[83] F. Gao, S. Chiu, D. Motan, Z. Zhang, L. Chen, H. Ji, H. Tse, Q.-L. Fu, Q. Lian, Mesenchy-
mal stem cells and immunomodulation: current status and future prospects, Cell
Death Dis. 7 (2016), e2062.

[84] K.-A. Kwak, H.-J. Cho, J.-Y. Yang, Y.-S. Park, Current perspectives regarding stem
cell-based therapy for liver cirrhosis, Can. J. Gastroenterol. Hepatol. 2018 (2018)
4197857.

[85] W. Lee, L. Hynan, L. Rossaro, R. Fontana, R. Stravitz, A. Larson, T. Davern, N. II, T.
Murray, J. McCashland, P. Reisch, Robuck, intravenous n-acetylcysteine improves
transplant-free survival in early stage non-acetaminophen acute liver failure,
Gastroenterol. 137 (2009) 856–864e851.

[86] P. Hu, W. Xie, Corticosteroid therapy in drug-induced liver injury: pros and cons, J.
Dig. Dis. 20 (2019) 122–126.

[87] S. Lee, N. Kim, J. Lee, M. Kim, Y. Yin, S. Kim, B. Ko, A. Kim, J. Lee, S. Lim, D. Lim, S. Kim,
J. Park, Y. Lim, J. Jeong, Targeted cellular delivery of robust enzyme nanoparticles
for the treatment of drug-induced hepatotoxicity and liver injury, Acta
Biomaterialia 81 (2018) 231–241.

[88] N. Mishra, N.P. Yadav, V.K. Rai, P. Sinha, K.S. Yadav, S. Jain, S. Arora, Efficient hepatic
delivery of drugs: novel strategies and their significance, BioMed Res. 2013 (2013).

[89] J. Borlak, F. van Bömmel, T.J.L.I. Berg, N-acetylcysteine and prednisolone treatment
improved serum biochemistries in suspected flupirtine cases of severe idiosyn-
cratic liver injury, Liver Int. 38 (2018) 365–376.

[90] C. Bell, A. Dankers, V. Lauschke, R. Sison-Young, R. Jenkins, C. Rowe, C. Goldring, K.
Park, S. Regan, T. Walker, C. Schofield, A. Baze, A. Foster, D.Williams, A. van de Ven,
F. Jacobs, J. Houdt, T. Lähteenmäki, J. Snoeys, S. Juhila, L. Richert, M. Ingelman-
Sundberg, Comparison of hepatic 2D sandwich cultures and 3D spheroids for
long-term toxicity applications: a multicenter study, Toxicol. Sci. 162 (2018)
655–666.

[91] T. Imamura, L. Cui, R. Teng, K. Johkura, Y. Okouchi, K. Asanuma, N. Ogiwara, K.
Sasaki, Embryonic stem cell-derived embryoid bodies in three-dimensional culture
system form hepatocyte-like cells in vitro and in vivo, Tissue Eng. 10 (2004)
1716–1724.

[92] J. Li, R. Tao, W. Wu, H. Cao, J. Xin, J. Li, J. Guo, L. Jiang, C. Gao, A.A. Demetriou, D.L.
Farkas, L. Li, 3D PLGA scaffolds improve differentiation and function of bone mar-
row mesenchymal stem cell–derived hepatocytes, Stem Cells Dev. 19 (2010)
1427–1436.

[93] D. Bishi, S. Mathapati, J. Venugopal, S. Guhathakurta, K. Cherian, R. Verma, S.
Ramakrishna, A patient-inspired ex vivo liver tissue engineering approach with
autologous mesenchymal stem cells and hepatogenic serum, Adv. Healthc.
Mater. 5 (2016) 1058–1070.

[94] S. Kim, M. Park, H. Moon, J. Park, D. Ko, B. Jeong, Polypeptide thermogels as a three
dimensional culture scaffold for hepatogenic differentiation of human tonsil-
derived mesenchymal stem cells, ACS Appl. Mater. Interfaces. 6 (2014)
17034–17043.

[95] J.A. Burdick, M. Ward, E. Liang, M.J. Young, R. Langer, Stimulation of neurite out-
growth by neurotrophins delivered from degradable hydrogels, Biomaterials. 27
(2006) 452–459.

[96] B.H. Kim, W. Kim, Epidemiology of hepatitis B virus infection in the United States,
Clin. Liver Dis. 12 (2018) 1.

[97] C. Niederau, Chronic hepatitis B in 2014: great therapeutic progress, large diagnos-
tic deficit, World J. Gastroenterol. 20 (2014) 11595–11617.

[98] D. Grimm, R. Thimme, H. Blum, HBV life cycle and novel drug targets, Hepatol Int. 5
(2011) 644–653.

http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0205
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0205
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0210
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0210
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0210
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0215
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0215
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0215
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0215
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0220
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0220
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0220
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0225
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0225
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0225
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0230
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0230
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0235
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0235
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0240
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0240
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0245
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0245
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0245
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0250
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0250
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0255
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0255
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0260
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0260
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0265
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0265
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0270
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0270
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0275
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0275
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0275
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0275
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0275
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0275
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0280
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0280
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0285
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0285
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0285
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0290
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0290
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0295
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0295
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0300
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0300
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0305
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0305
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0305
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0305
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0310
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0310
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0310
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0315
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0315
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0320
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0320
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0320
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0325
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0325
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0325
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0330
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0330
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0330
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0335
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0335
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0335
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0340
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0340
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0340
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0340
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0345
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0345
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0350
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0350
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0350
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0355
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0355
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0360
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0360
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0360
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0365
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0365
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0365
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0365
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0370
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0370
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0375
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0375
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0375
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0375
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0380
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0380
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0380
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0385
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0385
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0390
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0390
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0390
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0390
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0395
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0395
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0395
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0395
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0395
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0400
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0400
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0405
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0405
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0405
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0410
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0410
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0410
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0410
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0415
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0415
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0415
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0420
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0420
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0420
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0425
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0425
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0425
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0425
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0430
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0430
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0435
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0435
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0435
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0435
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0440
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0440
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0445
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0445
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0445
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0450
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0450
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0450
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0450
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0450
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0450
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0455
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0455
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0455
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0455
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0460
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0460
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0460
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0460
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0465
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0465
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0465
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0465
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0470
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0470
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0470
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0470
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0475
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0475
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0475
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0480
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0480
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0485
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0485
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0490
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0490


83X. Huang et al. / Advanced Drug Delivery Reviews 149–150 (2019) 72–84
[99] F. Zoulim, D. Durantel, Antiviral therapies and prospects for a cure of chronic hep-
atitis B, CSH Perspect. Med. 5 (2015), a021501.

[100] M. Lewandowska, A. Piekarska, New directions in hepatitis B therapy research,
Clin. Exp. Hepatol. 3 (2017) 119–126.

[101] L. Singh, S. Indermun, M. Govender, P. Kumar, L. du Toit, Y. Choonara, V. Pillay, Drug
delivery strategies for antivirals against hepatitis B virus, Viruses 10 (2018).

[102] V. Rijckborst, H.L.A. Janssen, The role of interferon in hepatitis B therapy, Curr. Hep-
atitis Rep. 9 (2010) 231–238.

[103] L. Micco, D. Peppa, E. Loggi, A. Schurich, L. Jefferson, C. Cursaro, A.M. Panno, M.
Bernardi, C. Brander, F. Bihl, Differential boosting of innate and adaptive antiviral
responses during pegylated-interferon-alpha therapy of chronic hepatitis B, J.
Hepatol. 58 (2013) 225–233.

[104] C.C. Boni, A. Penna, A. Bertoletti, V. Lamonaca, I. Rapti, G. Missale, M. Pilli, S. Urbani,
A. Cavalli, S. Cerioni, Transient restoration of anti-viral T cell responses induced by
lamivudine therapy in chronic hepatitis B, J. Hepatol. 39 (2003) 595–605.

[105] T.-H. Su, C.-J. Liu, Combination therapy for chronic hepatitis B: current updates and
perspectives, Gut Liver. 11 (2017) 590.

[106] K. Sarin, M. Kumar, R. Kumar, S.N. Kazim, R.C. Guptan, P. Sakhuja, B.C. Sharma,
Higher efficacy of sequential therapy with interferon-α and lamivudine combina-
tion compared to lamivudine monotherapy in HBeAg positive chronic hepatitis B
patients, Am. J. Gastroenterol. 100 (2005) 2463.

[107] H.H. Kumada, T. Okanoue, M. Onji, H. Moriwaki, N. Izumi, E. Tanaka, K. Chayama, S.
Sakisaka, T. Takehara, M. Oketani, F. Suzuki, J. Toyota, H. Nomura, K. Yoshioka, M.
Seike, H. Yotsuyanagi, Y. Ueno, M.o.H.L. Study Group for the Standardization of
Treatment of Viral Hepatitis Including Cirrhosis, J. Welfare of, Guidelines for the
treatment of chronic hepatitis and cirrhosis due to hepatitis B virus infection for
the fiscal year 2008 in Japan, Hepatol. Res. 40 (2010) 1–7.

[108] K.H. Bae, F. Lee, K. Xu, C.T. Keng, S.Y. Tan, Y.J. Tan, Q. Chen, M. Kurisawa,
Microstructured dextran hydrogels for burst-free sustained release of PEGylated
protein drugs, Biomaterials. 63 (2015) 146–157.

[109] C.B. Fox, J. Kim, L.V. Le, C.L. Nemeth, H.D. Chirra, T.A. Desai, Micro/nanofabricated
platforms for oral drug delivery, J. Control. Release. 219 (2015) 431–444.

[110] K.M. Ainslie, R.D. Lowe, T.T. Beaudette, L. Petty, E.M. Bachelder, T.A. Desai,
Microfabricated devices for enhanced bioadhesive drug delivery: attachment to
and small-molecule release through a cell monolayer under flow, Small 5 (2009)
2857–2863.

[111] H.D. Chirra, T.A. Desai, Emerging microtechnologies for the development of oral
drug delivery devices, Adv. Drug. Deliv. Rev. 64 (2012) 1569–1578.

[112] K.M. Ainslie, T.A. Desai, Microfabricated implants for applications in therapeutic
delivery, tissue engineering, and biosensing, Lab on a Chip 8 (2008) 1864–1878.

[113] H.D. Chirra, T.A. Desai, Multi-reservoir bioadhesive microdevices for independent
rate-controlled delivery of multiple drugs, Small 8 (2012) 3839–3846.

[114] M. Benedict, X. Zhang, Non-alcoholic fatty liver disease: an expanded review,
World J. Hepatol. 9 (2017) 715–732.

[115] L.E. Nagy, Molecular pathology of liver diseases, Gastroenterol. 141 (2011) 1530.
[116] A.M. Diehl, C. Day, Cause, pathogenesis, and treatment of nonalcoholic

steatohepatitis, N. Enlg. J. Med. 377 (2017) 2063–2072.
[117] V. Wong, G. Wong, P. Choi, A. Chan, M. Li, H. Chan, A. Chim, J. Yu, J. Sung, H. Chan,

Disease progression of non-alcoholic fatty liver disease: a prospective study with
paired liver biopsies at 3 years, Gut 59 (2010) 969–974.

[118] N.A. Osna, T.M. Donohue Jr., K. Kharbanda, Alcoholic liver disease: Pathogenesis
and current management, Alcohol Res. Curr. Rev. 38 (2017) 147.

[119] S. Friedman, Mechanisms of hepatic fibrogenesis, Gastroenterol. 134 (2008)
1655–1669.

[120] Z. Younossi, Q.M. Anstee, M. Marietti, T. Hardy, L. Henry, M. Eslam, J.
George, E. Bugianesi, Global burden of NAFLD and NASH: trends, predic-
tions, risk factors and prevention, Nature Rev. Gastroenterology &
Hepatology 15 (2018) 11–20.

[121] L. Calzadilla Bertot, L. Adams, The natural course of non-alcoholic fatty liver dis-
ease, Int. J. Mol. Sic. 17 (2016) 774.

[122] Q.M. Anstee, H.L. Reeves, E. Kotsiliti, O. Govaere, M. Heikenwalder, From NASH to
HCC: current concepts and future challenges, Nat. Rev. Gastroenterol. Hepatol. 16
(2019) 411–428.

[123] J.D. Yang, P. Hainaut, G.J. Gores, A. Amadou, A. Plymoth, L.R. Roberts, A global view
of hepatocellular carcinoma: trends, risk, prevention and management, Nat. Rev.
Gastroenterol. Hepatol. 16 (2019) 589–604.

[124] S.-Y. Du, Y.-L. Zhang, R.-X. Bai, Z.-L. Ai, B.-S. Xie, H.-Y. Yang, Lutein prevents alcohol-
induced liver disease in rats by modulating oxidative stress and inflammation, Int.
J. Clin. Exp. Med. 8 (2015) 8785–8793.

[125] H.M. Lee, M.Y. Park, J. Kim, J.-H. Shin, K.S. Park, O. Kwon, Persimmon vinegar and its
fractions protect against alcohol-induced hepatic injury in rats through the sup-
pression of CYP2E1 expression, Pharmacol. Biol. 54 (2016) 2437–2442.

[126] N.A. Osna, T.M. Donohue Jr., K.K. Kharbanda, Alcoholic liver disease: pathogenesis
and current management, Alcohol Res Curr. Rev. 38 (2017) 147–161.

[127] V. Wong, G. Wong, R. Chan, S. Shu, B. Cheung, L. Li, A. Chim, C. Chan, J. Leung, W.
Chu, Beneficial effects of lifestyle intervention in non-obese patients with non-
alcoholic fatty liver disease, J. Hepatol. 69 (2018) 1349–1356.

[128] Y. Sumida, M. Yoneda, Current and future pharmacological therapies for NAFLD/
NASH, J. Gastroenterol. 53 (2018) 362–376.

[129] Z.M. Younossi, R. Loomba, M.E. Rinella, E. Bugianesi, G. Marchesini, B.A.
Neuschwander-Tetri, L. Serfaty, F. Negro, S.H. Caldwell, V. Ratziu, K.E. Corey, S.L.
Friedman, M.F. Abdelmalek, S.A. Harrison, A.J. Sanyal, J.E. Lavine, P. Mathurin,
M.R. Charlton, N.P. Chalasani, Q.M. Anstee, K.V. Kowdley, J. George, Z.D.
Goodman, K. Lindor, Current and future therapeutic regimens for nonalcoholic
fatty liver disease and nonalcoholic steatohepatitis, Hepatology 68 (2018)
361–371.
[130] J.J. Connolly, K. Ooka, J. Lim, Future pharmacotherapy for non-alcoholic
steatohepatitis (NASH): review of phase 2 and 3 trials, J. Clin. Transl. Hepatol. 6
(2018) 264–275.

[131] S.L. Friedman, B.A. Neuschwander-Tetri, M. Rinella, A. Sanyal, Mechanisms of
NAFLD development and therapeutic strategies, Nat. Med. 24 (2018) 908–922.

[132] J.P. Iredale, A. Thompson, N. Henderson, Extracellular matrix degradation in liver
fibrosis: biochemistry and regulation, BBA-Mol Basis Dis. 1832 (2013) 876–883.

[133] S. Barua, S. Mitragotri, Challenges associated with penetration of nanoparticles
across cell and tissue barriers: a review of current status and future prospects,
Nano Today. 9 (2014) 223–243.

[134] Y. Iimuro, D. Brenner, Matrix metalloproteinase gene delivery for liver fibrosis,
Pharm. Res. 25 (2008) 249–258.

[135] Y. Watanabe, A. Tsuchiya, S. Seino, Y. Kawata, Y. Kojima, S. Ikarashi, P.J. Starkey
Lewis, W.Y. Lu, J. Kikuta, H. Kawai, Mesenchymal stem cells and induced bone
marrow-derived macrophages synergistically improve liver fibrosis in mice,
Stem Cells Transl. Med. 8 (2019) 271–284.

[136] D. Schuppan, N.H. Afdhal, Liver cirrhosis, The Lancet 371 (2008) 838–851.
[137] E.A. Tsochatzis, J. Bosch, A.K. Burroughs, Liver cirrhosis, The Lancet 383 (2014)

1749–1761.
[138] I.R. Wanless, F. Wong, L.M. Blendis, P. Greig, E. Jenny Heathcote, G. Levy, Hepatic

and portal vein thrombosis in cirrhosis: possible role in development of parenchy-
mal extinction and portal hypertension, Hepatology 21 (1995) 1238–1247.

[139] K. Dezső, A. Rókusz, E. Bugyik, A. Szücs, A. Szuák, B. Dorogi, M. Kiss, Á. Nemeskéri, P.
Nagy, S. Paku, Human liver regeneration in advanced cirrhosis is organized by the
portal tree, J. Hepatol. 66 (2017) 778–786.

[140] S.L. Friedman, Molecular regulation of hepatic fibrosis, an integrated cellular re-
sponse to tissue injury, J. Biol. Chem. 275 (2000) 2247–2250.

[141] D.M. Bissell, D. Roulot, J. George, Transforming growth factor β and the liver,
Hepatology 34 (2001) 859–867.

[142] R.C. Benyon, M.J. Arthur, Extracellular Matrix Degradation and the Role of Hepatic
Stellate Cells, Seminars in Liver Disease, Copyright© 2001 by Thieme Medical Pub-
lishers, Inc., 2001 373–384 333 Seventh Avenue, New York, NY 10001, USA. Tel.:+
1 (212) 584-4662.

[143] A.G. Singal, H.B. El-Serag, Hepatocellular carcinoma from epidemiology to preven-
tion: translating knowledge into practice, Clin. Gastroenterol. Hepatol. 13 (2015)
2140–2151.

[144] H.B. El-Serag, Hepatocellular carcinoma, N. Engl. J. Med. 365 (2011) 1118–1127.
[145] N. Mahdavifar Mohammadian, A. Mohammadian-Hafshejani, H. Salehiniya, Liver

cancer in the world: epidemiology, incidence, mortality and risk factors, World
Cancer Res. J. 5 (2018) e1082.

[146] B. Rehermann, Pathogenesis of chronic viral hepatitis: differential roles of T cells
and NK cells, Nat. Med. 19 (2013) 859.

[147] K.-H. Han, J.Y. Park, S.H. Ahn, J. Kim, S.U. Kim, J.K. Kim, K.S. Lee, C.Y. Chon, Survival
of hepatocellular carcinoma patients may be improved in surveillance interval not
more than 6 months compared with more than 6 months: a 15-year prospective
study, J. Clin. Gastroenterol. 47 (2013) 538–544.

[148] Z. Niu, X. Niu, W. Wang, Genetic alterations in hepatocellular carcinoma: an up-
date, World J. Gastroenterol. 22 (2016) 9069–9095.

[149] L.P. Waller, V. Deshpande, N. Pyrsopoulos, Hepatocellular carcinoma: A compre-
hensive review, World J. Hepatol. 7 (2015) 2648–2663.

[150] N.H. Bureau of Medical Administration, C. family planning comission of the
people's republic of china, diagnosis, management, and treatment of hepatocellu-
lar carcinoma (V2017), Chin. J. Hepatol. 25 (2017) 886–895.

[151] J.A. Marrero, L.M. Kulik, C.B. Sirlin, A.X. Zhu, R.S. Finn, M.M. Abecassis, L.R. Roberts,
J.K. Heimbach, Diagnosis, staging, and management of hepatocellular carcinoma:
2018 practice guidance by the American Association for the Study of Liver Diseases,
Hepatology 68 (2018) 723–750.

[152] L. European Association, For The Study Of The, R. European Organisation For, C.
Treatment Of, EASL-EORTC clinical practice guidelines: management of hepatocel-
lular carcinoma, J. Hepatol. 56 (2012) 908–943.

[153] M. Omata, A.L. Cheng, N. Kokudo, M. Kudo, J.M. Lee, J. Jia, R. Tateishi, K.H. Han, Y.K.
Chawla, S. Shiina, W. Jafri, D.A. Payawal, T. Ohki, S. Ogasawara, P.J. Chen, C.R.A.
Lesmana, L.A. Lesmana, R.A. Gani, S. Obi, A.K. Dokmeci, S.K. Sarin, Asia-Pacific clin-
ical practice guidelines on the management of hepatocellular carcinoma: a 2017
update, Hepatol Int. 11 (2017) 317–370.

[154] C. Breedis, G. Young, The blood supply of neoplasms in the liver, Am. J. Pathol. 30
(1954) 969–977.

[155] J. Lee, Y. Chung, B. Song, J.W. Shin, W. Choi, S. Yoon, K.-B. Sung, Y.S. Lee, D.J. Suh,
Recurrences of hepatocellular carcinoma following initial remission by transcathe-
ter arterial chemoembolization, J. Gastroenterol. Hepatol. 17 (2002) 52–58.

[156] H. Woo, J. Jang, J. Choi, S. Bae, C. You, S. Rha, Y. Lee, S. Yoon, C. Lee, Tumor doubling
time after initial response to transarterial chemoembolization in patients with he-
patocellular carcinoma, Scand. J. Gastroenterol. 45 (2010) 332–339.

[157] B.Wang, H. Xu, Z.Q. Gao, H.F. Ning, Y.Q. Sun, G.W. Cao, Increased expression of vas-
cular endothelial growth factor in hepatocellular carcinoma after transcatheter ar-
terial chemoembolization, Acta Radiologica. 49 (2008) 523–529.

[158] L. Longo, L.B.R. de Freitas, D. Santos, I. Grivicich, M.R. Alvares-da-Silva, Sorafenib for
advanced hepatocellular carcinoma: a real-life experience, Dig. Dis. 36 (2018)
377–384.

[159] J.M. Llovet, S. Ricci, V. Mazzaferro, P. Hilgard, E. Gane, J.-F. Blanc, A.C. de Oliveira, A.
Santoro, J.-L. Raoul, A. Forner, Sorafenib in advanced hepatocellular carcinoma, N.
Engl. J. Medi. 359 (2008) 378–390.

[160] M. Ho, K. Hasegawa, X. Chen, H. Nagano, Y. Lee, G. Chau, J. Zhou, C.Wang, Y. Choi, R.
Poon, Regorafenib as second-line systemic therapy may change the treatment
strategy and management paradigm for hepatocellular carcinoma, Liver Cancer 5
(2016) 235–244.

http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0495
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0495
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0500
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0500
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0505
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0505
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0510
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0510
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0515
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0515
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0515
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0515
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0520
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0520
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0520
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0525
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0525
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0530
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0530
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0530
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0530
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0535
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0535
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0535
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0535
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0535
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0535
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0540
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0540
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0540
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0545
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0545
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0550
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0550
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0550
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0550
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0555
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0555
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0560
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0560
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0565
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0565
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0570
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0570
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0575
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0580
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0580
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0585
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0585
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0585
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0590
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0590
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0595
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0595
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0600
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0600
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0600
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0600
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0605
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0605
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0610
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0610
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0610
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0615
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0615
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0615
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0620
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0620
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0620
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0625
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0625
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0625
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0630
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0630
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0635
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0635
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0635
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0640
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0640
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0645
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0645
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0645
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0645
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0645
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0645
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0645
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0650
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0650
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0650
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0655
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0655
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0660
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0660
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0665
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0665
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0665
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0670
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0670
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0675
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0675
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0675
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0675
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0680
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0685
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0685
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0690
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0690
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0690
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0695
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0695
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0695
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0700
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0700
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0705
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0705
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0710
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0710
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0710
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0710
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0715
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0715
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0715
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0720
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0725
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0725
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0725
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0730
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0730
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0735
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0735
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0735
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0735
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0740
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0740
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0745
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0745
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0750
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0750
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0750
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0755
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0755
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0755
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0755
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0760
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0760
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0760
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0765
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0765
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0765
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0765
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0765
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0770
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0770
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0775
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0775
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0775
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0780
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0780
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0780
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0785
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0785
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0785
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0790
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0790
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0790
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0795
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0795
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0795
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0800
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0800
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0800
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0800


84 X. Huang et al. / Advanced Drug Delivery Reviews 149–150 (2019) 72–84
[161] A.B. El-Khoueiry, I. Melero, T.S. Crocenzi, T.H. Welling, T.C. Yau,W. Yeo, A. Chopra, J.
Grosso, L. Lang, J. Anderson, C.M. Dela Cruz, B. Sangro, Phase I/II safety and antitu-
mor activity of nivolumab in patients with advanced hepatocellular carcinoma
(HCC): CA209-040, J. Clin. Oncol. 33 (2015) LBA101.

[162] P. Truong, A. Rahal, K.J. Kallail, Metastatic hepatocellular carcinoma responsive to
pembrolizumab, Cureus 8 (2016).

[163] L.J. Scott, Lenvatinib: first global approval, Drugs 75 (2015) 553–560.
[164] R. Cai, R. Song, P. Pang, Y. Yan, Y. Liao, C. Zhou, S.Wang, X. Zhou, H.Wang, H. Zhang,

H. Sun, H. Ma, Transcatheter arterial chemoembolization plus sorafenib versus
transcatheter arterial chemoembolization alone to treat advanced hepatocellular
carcinoma: a meta-analysis, BMC Cancer 17 (2017) 714.

[165] M. Kudo, A new era of systemic therapy for hepatocellular carcinomawith regoraf-
enib and lenvatinib, Liver Cancer 6 (2017) 177–184.

[166] M.A. Worns, P.R. Galle, Hepatocellular carcinoma in 2017: Two large steps forward
one small step back, Nat. Rev. Gastroenterol. Hepatol. 15 (2018) 74–76.

[167] Z.Wang, P.C. Ho, A nanocapsular combinatorial sequential drug delivery system for
antiangiogenesis and anticancer activities, Biomaterials 31 (2010) 7115–7123.

[168] C. Zhang, T. An, D. Wang, G. Wan, M. Zhang, H. Wang, S. Zhang, R. Li, X. Yang, Y.
Wang, Stepwise pH-responsive nanoparticles containing charge-reversible
pullulan-based shells and poly(beta-amino ester)/poly(lactic-co-glycolic acid)
cores as carriers of anticancer drugs for combination therapy on hepatocellular
carcinoma, J. Control Release 226 (2016) 193–204.

[169] D. Strumberg, J. Erhard, A. Harstrick, U. Klaassen, C. Muller, W. Eberhardt, H. Wilke,
S. Seeber, Phase I study of a weekly 1 h infusion of paclitaxel in patients with
unresectable hepatocellular carcinoma, Eur. J. Cancer 34 (1998) 1290–1292.

[170] Y. Chao, W.K. Chan, M.J. Birkhofer, O.Y. Hu, S.S. Wang, Y.S. Huang, M. Liu, J. Whang-
Peng, K.H. Chi, W.Y. Lui, S.D. Lee, Phase II and pharmacokinetic study of paclitaxel
therapy for unresectable hepatocellular carcinoma patients, Br. J. Cancer 78 (1998)
34–39.

[171] Y. Wang, H. Chen, Y. Liu, J. Wu, P. Zhou, Y. Wang, R. Li, X. Yang, N. Zhang, pH-
sensitive pullulan-based nanoparticle carrier of methotrexate and combretastatin
A4 for the combination therapy against hepatocellular carcinoma, Biomaterials.
34 (2013) 7181–7190.

[172] J. Xiao, P. Qiu, X. Lai, P. He, Y. Wu, B. Du, Y. Tan, Cyclin-dependent kinase 1 inhibitor
RO3306 promotes mitotic slippage in paclitaxel-treated HepG2 cells, Neoplasma.
61 (2014) 41–47.

[173] V.G. Minero, D. De Stefanis, P. Costelli, F.M. Baccino, G. Bonelli, In vitro and in vivo
conditional sensitization of hepatocellular carcinoma cells to TNF-induced apopto-
sis by taxol, Cell Cycle. 14 (2015) 1090–1102.

[174] Y.B. Ji, N. Ling, X.J. Zhou, Y.X. Mao, W.L. Li, N. Chen, Schedule-dependent effects of
kappa-selenocarrageenan in combination with epirubicin on hepatocellular carci-
noma, Asian Pac. J. Cancer Prev. 15 (2014) 3651–3657.

[175] H.K. Ahn, S. Lee, J.M. Sun, J. Lee, S.H. Park, J.O. Park, Y.S. Park, W.K. Kang, H.Y. Lim,
Sequential therapy with sunitinib and sorafenib in metastatic hepatocellular carci-
noma, Invest. N. Drugs 30 (2012) 1768–1772.

[176] J. Li, W. Xu, D. Li, T. Liu, Y.S. Zhang, J. Ding, X.J. Chen, Locally deployable nanofiber
patch for sequential drug delivery in treatment of primary and advanced
orthotopic hepatomas, ACS Nano. 12 (2018) 6685–6699.

[177] L. Zhang, M. Zhang, L. Zhou, Q. Han, X. Chen, S. Li, L. Li, Z. Su, C. Wang, Dual drug
delivery and sequential release by amphiphilic Janus nanoparticles for liver cancer
theranostics, Biomaterials. 181 (2018) 113–125.

[178] S. Obi, S. Sato, T. Kawai, Current status of hepatic arterial infusion chemotherapy,
Liver Cancer 4 (2015) 188–199.

[179] T. Itamoto, H. Nakahara, H. Tashiro, N. Haruta, T. Asahara, A. Naito, K. Ito, Hepatic
arterial infusion of 5-fluorouracil and cisplatin for unresectable or recurrent hepa-
tocellular carcinoma with tumor thrombus of the portal vein, J. Surg. Oncol. 80
(2002) 143–148.

[180] T. Yamasaki, F. Kurokawa, H. Shirahashi, N. Kusano, K. Hironaka, M. Masuhara, K.
Okita, Novel arterial infusion chemotherapy using cisplatin, 5-fluorouracil, and
leucovorin for patients with advanced hepatocellular carcinoma, Hepatol. Res. 23
(2002) 7–17.

[181] S.H. Kim, J.S. Oh, H.J. Chun, B.G. Choi, H.G. Lee, Dual-port versus mono-port implan-
tation for intra-arterial chemoinfusion therapy for treatment of hepatocellular car-
cinoma in patients with anatomic hepatic artery variation, J. Vasc. Interv. Radiol. 30
(2019) 23–30.

[182] Q. Guo, C.J. Bishop, R.A. Meyer, D.R. Wilson, L. Olasov, D.E. Schlesinger, P.T. Mather,
J.B. Spicer, J.H. Elisseeff, J.J. Green, Entanglement-based thermoplastic shape mem-
ory polymeric particles with photothermal actuation for biomedical applications,
ACS Appl. Mater. Interfaces. 10 (2018) 13333–13341.

[183] Y. Liang, H. Yu, G. Feng, L. Zhuang, W. Xi, M. Ma, J. Chen, N. Gu, Y. Zhang, High-
performance poly (lactic-co-glycolic acid)-magnetic microspheres prepared by ro-
tating membrane emulsification for transcatheter arterial embolization and mag-
netic ablation in VX2 liver tumors, ACS Appl. Mater. Interfaces. 9 (2017)
43478–43489.

[184] A. Lewis, M. Dreher, Locoregional drug delivery using image-guided intra-arterial
drug eluting bead therapy, J. Control Release. 161 (2012) 338–350.

[185] R. Golfieri, E. Giampalma, M. Renzulli, R. Cioni, I. Bargellini, C. Bartolozzi, A.D.
Breatta, G. Gandini, R. Nani, D. Gasparini, A. Cucchetti, L. Bolondi, F. Trevisani, G.
Precision Italia, Randomised controlled trial of doxorubicin-eluting beads vs con-
ventional chemoembolisation for hepatocellular carcinoma, Br. J. Cancer 111
(2014) 255–264.

[186] R. Sacco, I. Bargellini, M. Bertini, E. Bozzi, A. Romano, P. Petruzzi, E. Tumino, B.
Ginanni, G. Federici, R. Cioni, S. Metrangolo, M. Bertoni, G. Bresci, G. Parisi, E.
Altomare, A. Capria, C. Bartolozzi, Conventional versus doxorubicin-eluting bead
transarterial chemoembolization for hepatocellular carcinoma, J. Vasc. Interv.
Radiol. 22 (2011) 1545–1552.

[187] W.Y. Tak, S.M. Lin, Y. Wang, J. Zheng, A. Vecchione, S.Y. Park, M.H. Chen, S.Wong, R.
Xu, C.Y. Peng, Y.Y. Chiou, G.T. Huang, J. Cai, B.J.J. Abdullah, J.S. Lee, J.Y. Lee, J.Y. Choi, J.
Gopez-Cervantes, M. Sherman, R.S. Finn, M. Omata, M. O'Neal, L. Makris, N. Borys,
R. Poon, R. Lencioni, Phase III HEAT study adding lyso-thermosensitive liposomal
doxorubicin to radiofrequency ablation in patients with unresectable hepatocellu-
lar carcinoma lesions, Clin. Cancer Res. 24 (2018) 73–83.

[188] M. Kudo, R. Finn, S. Qin, K. Ikeda Han, F. Piscaglia, A. Baron, J. Park, G. Han, J. Jassem,
J.F. Blanc, A. Vogel, D. Komov, T. Evans, C. Lopez, C. Dutcus, M. Guo, K. Saito, S.
Kraljevic, T. Tamai, M. Ren, A. Cheng, Lenvatinib versus sorafenib in first-line treat-
ment of patients with unresectable hepatocellular carcinoma: a randomised phase
3 non-inferiority trial, The Lancet 391 (2018) 1163–1173.

[189] Z. Brown, B. Heinrich, T. Greten, Hepatology, Mouse models of hepatocellular car-
cinoma: an overview and highlights for immunotherapy research, Nat. Rev.
Gastroenterol. Hepatol. 15 (2018) 536–554.

[190] F. Tacke, Hepatitis B und D: aktuelle und zukünftige Therapien, DMW-Deutsche
Medizinische Wochenschrift. 144 (2019) 528–534.

[191] N.P. Chalasani, P.H. Hayashi, H.L. Bonkovsky, V.J. Navarro, W.M. Lee, R.J. Fontana,
ACG Clinical Guideline: the diagnosis and management of idiosyncratic drug-
induced liver injury, Am. J. Gastroenterol. 109 (2014) 950–966.

[192] Y.Y. Yu, Y. Mao, C. Chen, J. Chen, J. Chen, W. Cong, Y. Ding, Z. Duan, Q. Fu, X. Guo,
CSH guidelines for the diagnosis and treatment of drug-induced liver injury,
Hepatol. Int. 11 (2017) 221–241.

[193] C. Osiowy, C. Coffin, A. Andonov, Review of laboratory tests used in monitoring
hepatitis b response to pegylated interferon and nucleos (t) ide analog therapy,
Curr. Treat. Options Infectious Dis. 8 (2016) 177–193.

[194] N. Chalasani, Z. Younossi, J.E. Lavine, A.M. Diehl, E.M. Brunt, K. Cusi, M. Charlton,
A.J.J.H. Sanyal, The Diagnosis and Management of Non-Alcoholic Fatty Liver Dis-
ease: Practice Guideline by the American Association for the Study of Liver Dis-
eases, 55, American College of Gastroenterology, and the American
Gastroenterological Association, 2012 2005–2023.

[195] T. Hennedige, S. Venkatesh, Imaging of hepatocellular carcinoma: diagnosis, stag-
ing and treatment monitoring, Cancer Imaging. 12 (2012) 530–547.

http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0805
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0805
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0805
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0805
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0810
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0810
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0815
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0820
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0820
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0820
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0820
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0825
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0825
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0830
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0830
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0835
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0835
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0840
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0840
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0840
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0840
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0840
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0845
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0845
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0845
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0850
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0850
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0850
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0850
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0855
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0855
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0855
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0855
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0860
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0860
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0860
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0865
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0865
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0865
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0870
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0870
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0870
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0875
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0875
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0875
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0880
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0880
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0880
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0885
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0885
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0885
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0890
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0890
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0895
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0895
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0895
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0895
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0900
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0900
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0900
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0900
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0905
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0905
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0905
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0905
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0910
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0910
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0910
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0910
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0915
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0915
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0915
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0915
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0915
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0920
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0920
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0925
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0925
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0925
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0925
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0925
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0930
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0930
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0930
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0930
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0930
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0935
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0935
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0935
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0935
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0935
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0935
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0940
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0940
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0940
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0940
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0940
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0945
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0945
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0945
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0950
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0950
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0955
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0955
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0955
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0960
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0960
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0960
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0965
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0965
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0965
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0970
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0970
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0970
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0970
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0970
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0975
http://refhub.elsevier.com/S0169-409X(19)30192-9/rf0975

	Sequential drug delivery for liver diseases
	1. Introduction
	2. Abnormal regeneration leads to diseases
	3. Sequential drug delivery for liver diseases
	3.1. Drug-induced liver injury (DILI)
	3.1.1. Current DILI treatments and limitations
	3.1.2. Sequential drug/cell delivery in DILI

	3.2. Chronic hepatitis B (CHB) infection
	3.2.1. Current CHB treatments and limitations
	3.2.2. Sequential drug delivery for CHB

	3.3. Fatty liver diseases
	3.3.1. Current treatments for fatty liver diseases and limitations
	3.3.2. Sequential drug delivery for NAFLD

	3.4. End-stage liver diseases
	3.4.1. Current HCC treatments and limitations
	3.4.2. Sequential drug delivery for HCC


	4. Future prospects and concluding remarks
	Declaration of Competing Interest
	Acknowledgment
	References


