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ARTICLE INFO ABSTRACT

Preventing hepatic stellate cell (HSC) activation represents a promising approach to resolve liver fibrosis. Several
drugs have been reported to delay/prevent HSCs activation, however with limited clinical benefits. The latter
may be in part attributed to the limited ability of such drugs in targeting more than one pathway of HSC
activation. Added to that, is their inability of reaching their target cell in sufficient amounts to induce a ther-
apeutic effect. In this work, chitosan NPs were loaded with JQ1 and atorvastatin, two drugs that have been
reported to prevent HSCs activation, however via different mechanisms. NPs were then modified with different
densities of retinol (Rt) for active targeting of HSCs. The NP HSCs targeting ability as a function of Rt density was
assessed in vitro on primary HSCs and in vivo in carbon tetrachloride (CCly) induced fibrotic mouse models. In
vitro NPs modified with a low Rt density (LRt-NPs) showed =2 folds enhanced HSCs uptake in comparison to
unmodified NPs, whereas NPs modified with a high Rt density (HRt-NPs) showed = 0.8 folds change in uptake
relative to unmodified NPs. Similarly, in vivo LRt-NPs showed higher accumulation in fibrotic livers in com-
parison to healthy livers whereas HRt-NPs and unmodified NPs showed lower accumulation in fibrotic livers
relative to healthy controls respectively. Finally, the ability of drug-loaded NPs in preventing HSCs activation
was assessed by monitoring the reduction in a-smooth muscle actin (a-SMA) expression by Western blot. NPs
loaded with both JQ1 and atorvastatin showed reduction in a-SMA expression. In addition, a synergistic re-
duction in a-SMA was observed when cells were co-treated with JQ1 and atorvastatin loaded NPs.
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1. Introduction

The development of fibrotic tissue in the liver occurs in response to
injury [1], in which the injured tissue is replaced by a collagenous scar
[2]. When injury persists, fibrosis ultimately concludes in cirrhosis that
is usually accompanied by a wide spectrum of complications, including
portal hypertension, liver failure and hepatocellular carcinoma [3].

A cascade of events culminates in the formation of the fibrotic scar.
The main players of such cascade are the hepatic stellate cells (HSCs)

[3,4]. Under normal conditions, HSCs are quiescent, retinoid -con-
taining stromal cells located between the sinusoidal endothelium and
hepatocytes in the space of Disse [5,6]. However, in response to liver
injury, they become activated. Activated hepatic stellate cells (aHSCs)
secrete transforming growth factor (TGF)-f1, which induces collagen
production leading to excessive extracellular matrix (ECM) deposition
and accumulation. Additionally, aHSCs inhibit matrix metalloprotei-
nases (MMPs) via the up-regulation of tissue inhibitors of metallopro-
teinases (TIMPs), which eventually results in reduced ECM degradation
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[3,4]. Activation of HSCs occurs over two stages; initiation and per-
petuation [1]. Initiation is mainly brought about by paracrine stimu-
lation from neighboring hepatocytes, endothelial and Kupffer cells, in
addition to platelets. Perpetuation on the other hand, involves both
autocrine and paracrine loops [1]. For such reasons, preventing HSC
activation and the consequent reduction of the activated phenotype
represents a promising approach to resolve liver fibrosis [7].

Apart from their well-known role as antilipidemic drugs, statins
have proven to be of value in the prevention of HSC activation. In vitro,
statins have shown the ability to inhibit HSC proliferation [8]. Early
treatment with atorvastatin after bile duct ligation in rats attenuated
activation of HSCs and subsequent collagen deposition [9]. More re-
cently, statins were reported to be associated with a reduced risk of
fibrosis progression in chronic Hepatitis C virus (HCV) infection [10].
Interestingly, statins have also been reported to decrease hepatic ve-
nous pressure and improve liver perfusion in patients with cirrhosis
[11].

Bromodomain-containing protein 4 (BRD4), is a bromodomain and
an extraterminal (BET) family member. BET proteins regulate tran-
scription of genes involved in several functions including apoptosis, cell
cycle progression, inflammation, among others [12]. BRD4 seems to
play a critical role in fibrosis, where BDR4 enhancers mediate profi-
brotic gene expression in HSCs [5]. Blocking of BRD4-enhancer inter-
actions is therefore expected to reduce HSC activation. JQ1 is a small
molecule inhibitor of BRD4, which has recently been reported to ab-
rogate cytokine-induced activation of HSCs and reverse the fibrotic
response in animal models [5]. It is however worth noting that, BRD4 is
involved in a myriad of biological processes including memory forma-
tion, mitochondrial oxidative phosphorylation, and DNA damage re-
sponse, and many other biological processes [13-15]. For such reason,
the general inhibition of BRD4 would not be free of adverse off-target
effects [16-18].

Nanoparticles (NPs) have developed a reputation for their ability to
deliver drugs specifically to their site of action; drug targeting [19]. The
latter offers means for the administration of pharmaceutical interven-
tions that show promising therapeutic effects, but their clinical use is
unfortunately hampered by insufficient supply of drugs to the diseased
target tissue and/or by undesirable off-target effects [19,20]. For drug
targeting to HSCs, the NPs should initially allocate to the liver, and in
the liver subsequently show an increased uptake by HSCs. In healthy
livers, the liver sinusoidal endothelial cells (LSECs) fenestrae are or-
ganized in typical sieve plates and measure =~50-250nm in diameter
[21,22]. These fenestrations are believed to facilitate the transport of
macromolecules from the sinusoidal lumen, into the space of Disse
[23]. Theoretically, NPs are expected to translocate into the liver using
the same mechanism. Decreased fenestrae formation and diameter are
observed in LSEC in fibrotic livers [23-25]. The latter makes it harder
for NPs that under normal conditions would have gained access into the
liver, to do so in fibrotic livers. Smaller NPs would however have a
larger chance of translocating into the liver. The retinol binding protein
(RBP) receptor is implicated in the storage of retinol in quiescent HSCs
and therefore serves an interesting receptor for NP HSC targeting [20].
Once in the liver, small NPs modified with retinol as a targeting ligand
should preferentially allocate to HSCs delivering their drug load to their
target cell.

In this work, small chitosan NPs loaded with JQ1 and atorvastatin
that were modified with different densities of retinol as a targeting li-
gand are used for drug targeting to quiescent HSCs with the aim of
preventing their activation. The effect of retinol density as a targeting
ligand on the extent of HSCs uptake and the consequent ability of NPs
to prevent HSCs activation was assessed in vitro on primary quiescent
HSCs. The in vivo liver allocation of NPs as a function of Rt density was
also determined in healthy and liver fibrosis animal models.
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2. Methodology
2.1. Nanoparticle preparation and characterization

2.1.1. Void unloaded NPs

Void unloaded Chitosan NPs were formulated by the inotropic ge-
lation method as detailed in earlier work [26]. Briefly, in a ratio of 1:1,
0.125% (w/v) sodium tripolyphosphate (TPP; Mistral Chemicals UK)
was added to 0.5% (w/v) chitosan (Low Molecular weight, Sigma Al-
drich) dissolved in 1% acetic acid, pH 4 and stirred for 30 min at
1000 rpm. NP average hydrodynamic diameter (HD) was measured
using a Malvern Zetasizer Nano ZS90 (Malvern Instruments Ltd, Mal-
vern, UK). Three batches of NPs were prepared and each analyzed in
triplicates at 25 °C. Results were expressed as mean + standard de-
viation (SD).

For morphological analysis, a drop of the NP suspension was spread
on a Silicon wafer and subjected to field-emission scanning electron
microscopy (SEM) using a LEO SUPRA 55 microscope (Carl Zeiss,
Reutlingen, Germany).

The number of NPs in 1 mL NP suspension was calculated from the
mean HD as detailed in earlier work [26]. Briefly, NP number was
calculated using equations 1-3 as follows:

Volume of polymer used in NP formulation = mass of polymer used
in NP formulation /density of polymer (1)

Volume of NP = 4/3 xt r° (2) where r is the NP radius

No. of NPs = Volume of polymer used in NP formulation/volume of
one NP (3)

2.1.2. Nanoparticle drug loading

(+)-JQ-1 (MedChemExpress, Monmouth Junction, NJ, USA) was
dissolved in dimethyl sulfoxide (DMSO) at a concentration of 4 mg/mL.
Atorvastain calcium salt was a kind gift from EPICO Pharmaceuticals
Cairo, Egypt. Atorvastatin (At) was dissolved in methanol at a con-
centration of 10 mg/mL. Drug loaded NPs were prepared in a similar
manner to void NPs, however, 50 pL of drug solution in DMSO or me-
thanol for JQ1 and atorvastatin respectively, were added to the chit-
osan solution prior to TPP addition.

To determine the encapsulated drug concentration in chitosan NPs,
NPs were centrifuged at 14,000g for 30 min. The concentration of un-
encapsulated drug in the supernatant was determined for both drugs.
Consequently, the encapsulated concentration was determined in-
directly by subtracting the un-encapsulated drug concentration in the
supernatant from the total concentration of drug added.

For JQ1, unencapsulated drug was quantified in the supernatant by
spectrophotometry at £254nm. Un-encapsulated At concentration in the
supernatant was determined by an in-house developed UPLC-MS/MS
method. Method details and validation are provided in the supple-
mentary information file. The developed method was performed using
simvastatin as internal standard. Analyses were acquired on a Waters
ACQUITY Xevo TQD system, which consisted of ACQUITY UPLC H-
Class system and XevoTQD triple-quadrupole tandem mass spectro-
meter with an electrospray ionization (ESI) interface (Waters Corp.,
Milford, MA, USA). CORTECS C18 50 mm X 2.1 mm column (particle
size: 2.7 um) was used to separate analytes (Waters, Wexford, Ireland).
System operation and data acquisition were controlled using MassLynx
4.1 software (Waters). All data were processed with the TargetLynx
quantification program (Waters).

For both drugs encapsulation efficiency was determined form at
least three independently prepared batches, each analyzed in dupli-
cates. Results were expressed as mean * SD.

2.2. Nanoparticle hemocompatibility
2.2.1. Determination of NP hemolytic potential

To determine whether chitosan NPs induce hemolysis upon in-
travenous administration, 10mL whole blood was collected in
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lavender-top — EDTA tubes. To 500 puL of whole blood, increasing NP
concentrations (50, 100, 200, 400, and 800 ug/mL) were added.
Phosphate buffered saline (PBS) was used as negative control. Blood
samples spiked with PBS and subjected to sonication in a water bath
sonicator for 30 min were used as a positive control. Samples and
controls were incubated for 2h in a shaking water bath maintained at
37 °C. After incubation, samples and controls were centrifuged at 4000g
for 10 min and supernatants were assayed by spectrophotometry at
£540nm [27]. Percent of hemolysis induced by NPs was calculated as
detailed in [27]. Experiment was conducted in duplicates and results
expressed as mean *+ SD.

2.2.2. Determination of NP RBC agglutination potential

The ability of the NPs to induce agglutination upon intravenous
administration was determined using the saline agglutination test [28].
Briefly, a drop of NP suspension at increasing concentrations (50, 100,
200, 400, and 800 pg NPs/mL) were placed on a glass slide. One drop of
whole blood was added to each of the NPs and observed for the pre-
sence of agglutination macroscopically and under a light microscope. A
drop of 0.9% saline was used as a control.

2.3. Nanoparticle modification with retinol as a targeting ligand and
quantification of retinol density on the NP surface

A 1 mL aliquot of 5 mg/mL retinol (Rt; Sigma Aldrich, Taufkirchen,
Germany) in DMSO was added to 0.5mL of 12mg/mL 1,1’
Carbonyldiimidazole (CDI, Sigma Aldrich) in DMSO, mixed and in-
cubated overnight in a shaking incubator yielding Rt-CDI solution. NPs
were prepared as detailed earlier and centrifuged at 14,000g for 30 min.
Supernatants were discarded, and NPs were reconstituted in de-ionized
water. To 0.5 mL NP aliquots, increasing concentrations of Rt-CDI were
added; 60, 80, 100 and 150 ug/mL and incubated overnight in a
shaking incubator. To determine the density of Rt bound to the NP
surface. Retinol-modified NPs (Rt-NPs) were centrifuged at 14000g for
30 min, supernatants discarded, and Rt-NP pellets were reconstituted in
de-ionized water. Rt concentration was determined by fluorometry
Aexc:335nm and Aem:448 nm. For all Rt concentrations, three in-
dependent NP aliquots were modified with Rt. The fluorescence in-
tensities were determined in single for each aliquot and results were
expressed as mean * SD. The concentration of tagged retinol per mL
NPs, the number of NPs/mL NP suspension in addition to the NP HD
were used to calculate the number of Rt molecules per nm? as detailed
in earlier work [26].

2.4. Primary quiescent hepatic stellate cell isolation and characterization

The standardized method for isolation of murine hepatic stellate
cells was reported before [29]. In brief, murine livers were en-
zymatically digested with pronase and collagenase, and enriched by
centrifugation of the crude cell suspension through a Nycodenz gra-
dient. For the study presented here, we used cells that were not further
purified by FACS sorting. Using this protocol, the obtained cell yield is
approximately 1-2 X 10° HSC per mice having a viability of 75-80%
and a purity of approximately 80-85%. All reagents used in this pro-
tocol and the methods to determine vitality and purity are given else-
where [29].

2.5. Nanoparticle uptake as function of retinol density in quiescent hepatic
stellate cells and HEK293 cells

Chitosan NPs were loaded with fluorescein (FL; Sigma Aldrich), in a
similar manner to At, where FL was initially dissolved in methanol,
following which 50 pL of the FL solution were added to the chitosan
solution prior to TPP addition. To determine the effect of Rt density on
the extent of NP uptake by quiescent HSCs, FL-loaded NPs were mod-
ified with either a low density (60ug/mL) or a high (100 pug/mL)
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density of Rt (LRt-NPs and HRt-NPs respectively). In two 96 well plates,
freshly isolated quiescent HSCs were seeded at a density of 10* cell/
well. In the first plate, unmodified FL loaded NPs, and FL loaded LRt-
NPs and HRt-NPs were added to cells at a concentration of 49 and
67 ug/mL. NPs were incubated with cells for 24 h, following which NP
containing medium was aspirated. Cells were washed twice with PBS.
The extent of NP uptake was determined by fluorometry £exc:490 nm
and Aem:520 nm using NP curves as detailed in earlier work [26,30].
The experiment was repeated using the second plate of HSCs, however
NPs were added to cells after the cells had been in culture for 4 days. As
a control cell line, NP uptake experiment was also repeated in human
embryonic kidney cell line HEK293 [31]. Results were expressed as
mean * SD for n = 4.

2.6. Determination of the ability of NPs to prevent activation of quiescent
HSCs- quantification of a-SMA expression

The determination of the NP ability to prevent activation of quies-
cent HSCs was conducted by Western blot using a-SMA expression as
read out system. HSCs were seeded in 6 well plates (2 x 10° cells per
well) and were treated one day after seeding with drugless unloaded
NPs (both unmodified and Rt modified) at a low (49 ug/mL) or high
concentration (67 ug/mL). Cells were also treated with drug loaded
NPs, for JQ1, cells were treated with 1 and 10 uM of JQ1 loaded NPs (in
terms of encapsulated JQ1) and for At cells were treated with 10 and
20 uM of At loaded NPs (in terms of encapsulated At). Drug con-
centrations used were chosen according to work conducted by Ding
et al. [5] and Klein et al. [32] for JQ1 and At, respectively. Con-
centrations of unloaded NPs tested corresponded to the lowest and
highest concentration of drug loaded NPs used in terms of polymer
concentration.

Four days after seeding, the cells were re-stimulated with new NPs
similarly as on day one. On day seven after seeding (3 days after the
second round of treatment), cells were harvested. Preparation of cel-
lular protein extracts and conditions used for Western blot analysis
were described previously [33]. Equal loading of lanes was demon-
strated by probing with an antibody specific for glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). Antibodies used were a-SMA
(CBL171, Cymbus Biotech, Hampshire, UK) and GAPDH (sc-32233,
Santa Cruz Biotech., Santa Cruz, CA, USA). Densitometric analysis was
also performed to verify the Western blot outcome using the LumiA-
nalyst software (version 3.1) and the Lumi-Imager system (both from
Roche Diagnostics, Mannheim, Germany). Band intensities were nor-
malized to the GAPDH signals. The control band intensity was set to 1
and the other intensities were given as fold induction.

2.7. NP in vivo liver accumulation as function of retinol density in healthy
and fibrotic livers

Twenty male Swiss albino mice (8 weeks old, weighing 25-30 g)
were purchased from Theodor Bilharz Research Institute (TBRI) Cairo,
Egypt. Mice were divided into two groups. In the first group, liver fi-
brosis was induced by intra-peritoneal (IP) injection of 10% CCl, in
olive oil (2.5 mL per kg body weight) twice a week for 4 weeks [34]. To
confirm the establishment of fibrosis, after 4 weeks of CCl, injections,
one mouse was sacrificed by cervical dislocation and liver tissue sam-
ples were obtained, for histopathological investigations. The second
group served as the healthy controls and received the same volume of
olive oil though IP injections.

For histopathological investigations autopsy samples were obtained
from the liver and fixed in 10% formol-saline fixative for 24 h. Washing
was conducted in tap water then serial dilutions of alcohol (methyl,
ethyl and absolute ethyl) were used for dehydration. Specimens were
cleared in xylene and embedded in paraffin at 56 °C in a hot air oven for
24 h. Paraffin bees wax tissue blocks were prepared for sectioning at
4 um thickness by a sledge microtome. The obtained tissue sections
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were collected on glass slides, deparaffinized, stained by hematoxylin
and eosin stain for examination through the light electric microscope

Each group was further divided into 3 sub-groups each composed of
3 mice. These subgroups were either injected with FL loaded un-
modified NPs, LRt-NPs or HRt-NPs IV through the tail vein. Control
groups received the same volume of PBS also through the tail vein.

Prior to administration, NPs were centrifuged and reconstituted in
PBS at a NP concentration of 13.6 mg/mL in terms of polymer con-
centration. A total of 0.8 mg NPs were administered intravenously
through the tail vein per mouse. The total NP amount was divided over
4 doses given at 2h intervals. One hour after the last dose, the mice
were sacrificed by cervical dislocation and liver tissue samples were
obtained. Livers were homogenized in PBS to yield a homogenate with
a final concentration of 0.25 mg/mL. Liver homogenates prepared from
mice that have not been injected with NPs were prepared in a similar
manner and used to establish NP curves, where a serial dilution of FL
loaded unmodified, LRt-NPs and HRt-NPs were prepared in liver
homogenates. These curves were used to determine the NP concentra-
tion in NP treated liver homogenates.

Animal care and all experimental procedures were conducted ac-
cording to ethical guidelines of the Research Ethics Committee of
Faculty of Pharmacy; German University in Cairo (GUC).

2.8. Statistical analysis

Statistical analysis was performed by GraphPad InStat software
(GraphPad Software, La Jolla, CA, USA) using one way analysis of
variance test (ANOVA), where P < 0.05 was considered significant,
P < 0.01 was considered very significant, and P < 0.001 was con-
sidered extremely significant.

3. Results
3.1. Nanoparticle preparation and characterization

NPs formed spontaneously upon addition of TPP to chitosan. SEM
analysis shows that the NPs are spherical in shape and unaggregated
(Fig. 1). NPs had HD of 99 *= 22nm. Supplementary Fig. S1 shows the
NP HD distribution chart. NPs were successfully loaded with drug, JQ1
NPs contained 16.5 + 1.7 ug/mL JQ1, whereas atorvastatin NPs con-
tained 67.4 + 5pg/mL atorvastatin. Supplementary Figs. S2 and S3
show UPLC-MS/MS chromatogram of At and simvastatin respectively.

EHT = 4.00 kV
WD = 2.3 mm

Date :8 Mar 2018
Time :14:38:20

Signal A = InLens
Mag= 944 KX

Fig. 1. Scanning electron microscopy of chitosan NPs. Arrows point to particles
showing typical chitosan NP appearance.
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3.2. Nanoparticle hemocompatibility

Fig. 2 shows results obtained when increasing concentrations of NPs
were incubated with whole blood. When incubated with whole blood
NPs did not induce significant hemolysis up to 400 pg/mL. At 800 pug/
mL NPs induced around 10% hemolysis. As for RBC agglutination, NPs
did not cause any agglutination up to 800 pg/mL either macroscopically
or following investigation under a light microscope. Supplementary Fig.
S4, shows microscopic images of unagglutinated RBC observed with NP
free controls and with 800 pg/mL NP-blood samples.

3.3. Nanoparticle modification with retinol as a targeting ligand and
quantification of retinol density on the surface of NP surface

Fig. 3 shows the increase in density of Rt tagged onto the NP surface
with the increase in concentration of Rt added. Accordingly, a Rt
density of =40 pg/ml and 60 pg/mL tagged Rt were considered low Rt
density (LRt) and high Rt density (HRt) respectively. Accordingly, LRt-
NPs have =0.59 Rt molecules per nm> whereas HRt-NPs have ~0.86
molecules per nm?.

3.4. Primary quiescent hepatic stellate cell isolation and characterization

To analyze the uptake of NPs in HSC, primary murine hepatic
stellate cells were isolated from wild type mice. For the experiment
depicted in Fig. 4, the isolated cells had an overall purity of 82% and a
vitality of 96%.

3.5. Nanoparticle uptake as function of retinol density in quiescent hepatic
stellate cells and HEK293 cell

Fig. 4 shows the extent of NP uptake as a function of Rt density in
primary quiescent HSCs and HEK 293 cells. In both cell types, NPs
showed a concentration-dependent uptake, with an overall higher ex-
tent of uptake in primary quiescent HSCs (Fig. 4A) in comparison to
HEK 293 cells (Fig. 4 B). The difference in the extent of uptake is most
prominent in LRt-NPs at a higher NPs concentration. Given their Rt
uptake capacity, when treated with the higher NP concentration
(67 ug/mL) primary quiescent HSCs show = 2.7 folds higher uptake of
LRt-NPs in comparison to HEK 293 cells.

Fig. 4C and D, show the folds change in extent of Rt-NPs uptake
relative to unmodified NPs in HSCs and HEK293 cells respectively.
When primary HSCs that have only been cultured in 96 well plates for
2days were treated with 67 pg/mL LRt-NPs and HRt-NPs, LRt-NPs
showed =1.9 folds increase in uptake relative to unmodified NPs,
whereas HRt-NPs showed no increase in uptake relative to unmodified
NPs (Fig. 4C). Such difference in uptake was only obvious in primary
HSCs and not in HEK 293 cells (Fig. 4D). Additionally, when primary
HSCs were cultured in 96 well plates for 4 days prior to NP-cell in-
cubation, the extent of LRt-NPs uptake was reduced, where LRt-NPs did
not show any significant increase in uptake relative to unmodified NPs
(Fig. 4C).

3.6. Determination of the ability of NPs to prevent activation of quiescent
HSCs- quantification of a-SMA expression

Fig. 5 shows the NPs’ ability in preventing the activation of quies-
cent HSCs using a-SMA expression as readout. Fig. 5A shows results
obtained with unloaded drugless NPs, when HSCs were incubated with
a low (49 pg/mL) and a high (67 ug/mL) concentration of unloaded,
unmodified NPs, and unloaded LRt-NPs and HRt-NPs. In Fig. 5A results
for Rt modified NPs were normalized to those obtained with un-
modified NPs. At 67 ug/mL unloaded HRt-NPs reduced a-SMA protein
levels indicating reduced activation of quiescent HSCs. Fig. 5B shows
results obtained with drug loaded LRt-NPs. Reduction in a-SMA ex-
pression was observed in a concentration dependent manner when cells
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Fig. 3. Quantification of the density of retinol tagged onto the nanoparticle surface.

were treated with 1 and 10 uM of JQ1 NPs and 10 and 20 uM At NPs in
addition to a combination of 10 uM JQ1 + 20 uM At NPs. Co-treatment
with 10 uM JQ1 + 20 uM At NPs showed a synergistic reduction in a-
SMA expression. At the same concentrations, treatment with free drugs
was not possible due to cytotoxicity. Supplementary Fig. S5 shows re-
sults obtained with JQ1 and At unmodified and HRt-NPs. Although
these NPs do not provide highest uptake in HSCs drug loaded NPs still
show a reduction in a-SMA expression.

3.7. NP in vivo liver accumulation as function of retinol density in healthy
and fibrotic livers

Fig. 6A confirms the establishment of fibrosis with CCl4 adminis-
tration. In particular, it shows inflammatory cells infiltration with fi-
broblastic cells proliferation originating from the portal area and ex-
tended in between the hepatocytes of the parenchyma associated with
multiple newly formed bile ductules in the portal area as well as

100

karyomegaly in the nuclei of some hepatocytes. Fig. 6B shows NP liver
accumulation profiles in fibrotic and healthy mice. Interestingly, while
LRt-NPs are undetectable in the livers of healthy mice, they show high
accumulation in fibrotic mice. While unmodified NPs and HRt-NPs
show a 0.8 and 0.9 fold reduction in liver accumulation in fibrotic livers
relative to healthy livers, LRt-NPs show a 1.8 fold increase in accu-
mulation in fibrotic livers relative to healthy ones.

4. Discussion

Most antifibrotic strategies in current development focus on cell-
extrinsic signaling molecules, or receptors required for profibrogenic
signaling pathways [5]. Given the pivotal role played by HSCs in the
fibrotic process, targeting the HSCs themselves and preventing their
activation is a promising approach to resolve liver fibrosis. Notwith-
standing, given the complexity of the mechanisms behind HSC activa-
tion and perpetuation [1], it has become obvious that therapeutic
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interventions working at one end only might not be sufficient. In fact,
the limited clinical benefits seen with most traditional antifibrotic
therapies might in part be attributed to their limited ability of targeting
more than one pathway [5]. Added to that, is their inability of reaching
their target cell (when administered in a safe dose) in sufficient
amounts to induce a therapeutic effect [35,36]. In such case, targeting
of HSCs by more than one drug that ultimately lead to the same final
therapeutic outcome, however via different pathways, might have a
synergistic therapeutic outcome.

For successful targeting of HSCs by NPs in liver fibrosis, the NPs are
initially expected to reach the liver, following which preferentially al-
locate to the HSCs. Given the liver’s high perfusion, the intravenous
route presents an interesting means for the delivery of NPs to the liver.
Upon intravenous administration, the process of NP opsonization and
protein corona formation dictates the NP fate [19,37,38]. It is generally
agreed upon that hydrophobic NPs that are larger than =200 nm tend
to be opsonized by proteins that render them attractive to the phago-
cytic cells of the reticuloendothelial system (RES). These NPs are ra-
pidly up-taken from the circulation and accumulate in circulating
macrophages, Kupffer cells of the liver and resident phagocytic cells of
the spleen [19,36,39]. Smaller more hydrophilic NPs tend to have
longer circulation times and hence have a larger chance in reaching the
liver vasculature. Once in the liver, their size is one of main factors

dictating their ability to gain access into the space of Disse. Given the
capillarization occurring in fibrotic livers, it is quite possible that highly
fibrotic areas of the liver might not be readily accessible to NPs [35].
However, smaller NPs will have a higher chance in gaining access to the
space of Disse in areas where fenestrae are still somehow accessible.
Chitosan is a hydrophilic polymer which has been reported to show
stealth properties and evade the sequestration by the re-
ticuloendothelial systems (RES) when NPs are formulated in the correct
size [40]. In this study, NPs prepared were =100 nm in diameter to
firstly enable evasion of RES sequestration and to be able to access the
space of Disse via the remaining fenestrae. Other NP-based formulations
were also developed with the aim of HSCs targeting. What is common to
most of them is the selected NP diameter being in the range of
~100nm [35,41-44]. However, it is worth noting that for those par-
ticles prepared from hydrophobic materials, increasing hydrophilicity
by PEGylation was necessary to avoid RES sequestration [42,43], since
hydrophobic particles of the same size range were shown to be taken-up
by other macrophages, particularly in the lung [35]. Lung accumulation
of such particles is usually enhanced due to the abnormal pulmonary
reticuloendothelial uptake occurring in cirrhosis [45]. Although NP
PEGylation will increase NP circulation time, thereby increasing its
chances in allocating to the liver, PEGylation has unfortunately been
reported on numerous occasions to reduce NP-cell interaction,
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delivered shows specificity of action to HSCs the latter would not be

consequent uptake and targeting ability [46-48]. Hence, other ap-
proaches to stealth NPs would be more favorable. Larger particles also problematic [49]. However, in cases where drug specificity was not
possible, these NPs would unfortunately exacerbate the dilemma of off-

intended for HSC targeting exhibited significant accumulation in the

lung, and spleen [49,50]. In the case where the therapeutic molecule target drug effects.
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Once in the space of Disse, the NPs should gain preferential access
into the HSCs. Several studies have confirmed the receptor-mediated
uptake of Rt by HSCs [51,52]. In line with these previous reports,
chitosan NP surface was covalently modified with Rt. We have pre-
viously demonstrated that the effectiveness of active targeting is highly
dependent on targeting ligand density, where a higher ligand density
does not always result in enhanced NP uptake by the target cell or
organelle [26,53,54]. In general, very little work has been conducted to
determine whether an optimal ligand density for cell surface targeting
is required [49,55-61]. Interestingly, other studies looking into this
aspect have in agreement with our findings, reported that a higher
targeting density is not always favorable [49,55-60]. For such reason,
we wanted to determine whether an optimal Rt density existed for NP
targeting to HSCs. To do so, Rt was initially activated by CDI (Rt-CDI),
to enable Rt binding to chitosan NP amine groups. Increasing con-
centrations of Rt-CDI were then added to the NPs, while monitoring the
corresponding amount of Rt tagged. At 100% saturation; when any
further increase in the concentration of Rt-CDI added failed to give an
increase in amount tagged, NPs were assumed to have a high density of
Rt; HRt-NPs having = 0.86 molecules per nm?. A low density of Rt was
accordingly selected where LRt-NPs had = 0.59 Rt molecules per nm?.
Interestingly, when added to freshly isolated primary HSCs, LRt-NPs
showed higher uptake in comparison to unmodified NPs and to HRt-
NPs. HSC transdifferentiate in vitro when cultured on plastic substrate in
the presence of serum. This in vitro model is an acceptable tool to in-
vestigate the activation process [6,8,62]. When NPs were added to HSC
that had been cultured on plastic for 4 days, Rt modified NPs (both LRt
and HRt) failed to show any preferential uptake in comparison to un-
modified NPs. The latter is in-line with the notion that unlike their
activated form, quiescent HSCs express a high-affinity membrane re-
ceptor for RBP-retinol complex [51] and confirms that the higher up-
take in quiescent HSCs was a function of Rt modification. The latter is
also underpinned by the results obtained in HEK293 cells; while at the
higher NP concentration (67 pg/ml) there was no significant difference
between uptake of unmodified, LRt and HRt NPs, at the lower con-
centration, LRt-NPs showed lowest uptake whereas unmodified and
HRt-NPs showed relatively higher uptake.

Sato et al. also developed vitamin A coupled liposomes for the de-
livery of siRNA against the rat homolog of human heat shock protein to
HSCs [49]. The authors modified their liposomes with varying densities
of vitamin A, i.e. 1:0.5, 1:1, 1:2, 1:4, 1:8, and 1:16 mol vitamin A: ca-
tionic lipid. Akin to the results reported herein, Sato et al. reported best
results with the 1:2 ratio [49]. The reason as to why a lower Rt density
provided better uptake than a higher one is not clear, however it is
quite possible that the higher Rt densities results in tighter packing of
Rt units on the surface of the NP causing steric interference, where the
molecules existing in such close vicinity acquire a nonoptimal or-
ientation for binding [56]. The latter is emphasized in the case of Rt,
since HSCs uptake is mostly mediated via an intermediate complex in
which the Rt binds to RBP [51]. The RBP is a small protein (21 kDa) for
which the core is beta-barrel cavity used for Rt binding. For Rt binding,
the apolar portion of Rt is buried with in such cavity and the Rt hy-
droxyl allocates to the protein surface [63]. These hydroxyls were used
to link Rt to chitosan NP surface. This means that the space between the
apolar parts of Rt molecules should be large enough to allow sufficient
space for RBP binding.

In addition to the work reported by Sato et al., Pan and colleagues
[50] also used Rt as a HSC targeting ligand. The authors developed Rt-
lipid NPs for the delivery of silibinin to HSCs. However, in this case Rt
was incorporated inside the NP matrix since it was added to the lipid
phase during lipid NP preparation. This makes Rt unavailable at the NP
surface or in a best-case scenario, randomly available at the surface. It is
therefore no surprise that the authors reported no added benefit in
terms of NP uptake or therapeutic effect when Rt-lipid NPs were in-
cubated with HSCs [50]. Additionally, these particles were hydrophobic
in nature and over 200nm in size [50], and hence their liver

103

European Journal of Pharmaceutics and Biopharmaceutics 134 (2019) 96-106

accumulation might be attributed to Kupffer cell uptake. More im-
portantly, even if Rt did make it to the surface, given the hydrophobic
nature of the NPs developed, the apolar section of the Rt molecule (the
one required for RBP binding) would be buried within the NP matrix
and the Rt hydroxyls would be facing the outer aqueous phase also
making the required link with RBP not possible. However, it is worth to
note here that Sato et al. also modified their liposomes with Rt in a
similar manner; by sonication of Rt with pre-formed liposomes, and
hence the hydrophobic portion of Rt should theoretically have been
buried with-in the liposomal bi-layer. In a similar approach to the work
conducted herein, Zhang et al., tagged Rt using its hydroxyl groups
[38]. In addition to the success of their formulation in treatment of
fibrosis, the authors proved that NP uptake was in-fact facilitated via
RBP [38].

The influence of Rt density on HSCs targeting was also obvious in
vivo. When unmodified NPs, LRt-NPs and HRt-NPs were injected in-
travenously via the tail vein, LRt-NPs preferentially accumulated in fi-
brotic livers. Of more interest in this case, is the higher liver accumu-
lation of LRt-NPs in fibrotic livers relative to healthy ones. Such
increased uptake could not be simply attributed to the increased HSCs
uptake by receptor mediated endocytosis on its own. This is mainly due
to the fact that in fibrosis HSCs become activated downregulating the Rt
receptor [6,8]. The latter was clearly demonstrated herein, when LRt-
NPs were incubated with HSCs that have been cultured on plastic for
4 days. Instead, this preferential accumulation could be attributed to a
cocktail of factors all working in favor of LRt-NPs. One significant
player in such case, might be the change in serum protein make-up in
liver disease. The serum protein profile has on numerous occasions
been believed to change as a function of disease state [64,65]. The
latter is also true for fibrosis, cirrhosis and hepatocellular carcinoma
[64,66,67]. This in turn would result in a different composition of
serum proteins constituting the protein corona forming around the NPs,
which as detailed earlier is a major player in the NP bio-distribution.
Since the types and quantities of the proteins involved in the protein
corona formed is a function of the NP surface properties [19], the
corona formed around unmodified NPs, LRt-NPs and HRt-NPs should
theoretical be different. Additionally, it should be noted that RBP ex-
pression also changes in liver diseases. RBP expression has been re-
ported to be significantly decreased with increasing nonalcoholic fatty
liver diseases (NAFLD) severity for instance [68]. At the same time,
other studies have shown an increase in serum RBP levels in patients
with liver disease [69,70]. Interestingly, Zhang et al. demonstrated that
Rt modified nanoparticles were selectively able to recruit RBP in their
corona components and direct the NPs to HSCs [38]. The latter might
be a possible mechanism explaining the accumulation LRt-NPs in fi-
brotic livers, where again the low Rt density offered maximum RBP
recruiting ability. Once more, the latter is also underpinned by the in
vivo NP accumulation trend observed in healthy livers, where LRt-NPs
showed very low liver accumulation in comparison to unmodified and
HRt-NPs. This again highlights the importance of targeting ligand
density in NP targeting and stresses on the need for further studies to
elucidate the implication of RBP expression levels on the preferential
accumulation of LRt-NPs in fibrotic livers in comparison to healthy
ones. More interestingly, the trend observed in NP uptake in HEK293
cells was also observed in vivo, where the liver accumulation of un-
modified and HRt-NPs was not significantly different. Given the
methodology used to study NP liver accumulation, NP sequestration in
Kupffer cells could not be ruled out, since NP accumulation was studied
by evaluating NP content in liver homogenates. However, Kupffer cell
accumulation would not result in the trend observed in HEK293 cells in
vitro.

With disregard to the mechanism involved, such preferential accu-
mulation highlights the benefits of NP drug targeting and further
minimizes off target effects, allowing the administration of drugs that
would have otherwise been rendered un-administrable. One of these
drugs is JQ1; thienotriazolodiazepine; a small molecule inhibitor of
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BRD4 that has been reported to block HSC activation and significantly
compromise their proliferative capacity [5]. In fact, Ding and collea-
gues have demonstrated the ability of JQ1 to reverse the fibrotic re-
sponse in CCly-induced fibrosis in mouse models [5]. Similarly, we have
demonstrated the ability of JQ1 loaded NPs to induce a reduction in a-
SMA expression in a concertation dependent manner indicting a re-
duction in HSCs activation [29,71]. Cells were successfully treated with
1 and 10 uM of encapsulated JQ1. Treatment of cells with such con-
centrations in free unencapsulated from was not possible due to toxi-
city. Ding et al. reported a massive drop in viability (cell viability ap-
proaching 0%) when cells were treated with 2 pM JQ1 for 6 days and
around 60% viability after 3 days only [5]. These results are very si-
milar to what we observed with free JQ1 where at concentration of 1
and 10 uM, viable cells could not be harvested for the Western blot
assay. However, when encapsulated in NPs, cells survived incubation
with JQ1 for 7 days. In fact, the GAPDH band intensities obtained from
wells that have been treated with JQ1 were quite similar to those ob-
tained with unloaded NPs analyzed on the same gel (Fig. 5 B). It is
noteworthy however that cell viability assays conducted using free JQ1
versus JQ1 NPs would provide deeper insights. The ability of the NPs to
slowly release the loaded drug over time [54] is probably the main
reason why such toxicity was not observed. On an in vivo level their
ability to target the drug to HSCs as observed herein would also con-
tribute to their improved safety profile. BET proteins control a plethora
of transcriptional networks and are ubiquitously expressed across a
variety of human cell types [17]. In fact, BRDs are key transcriptional
regulators in inflammation, cancer, diabetes and cardiovascular dis-
eases [72]. It is for such reason that care should be taken when these
chromatin-dynamics modifying complexes are considered as ther-
apeutic targets [73]. To complicate matters, given the structural simi-
larity between different BRD proteins, most BET inhibitors lack specific
actions. For instance, JQ1 was reported to exert an inhibitory effect on
BRD2 and BRD3 as well [17,73,74]and hence is expected to exhibit a
myriad of undesirable off target effects. Such lack of specificity might
be the reason behind the drastic events reported in recent BET in-
hibitors cancer clinical trials [17,75]. Similar to JQ1, At loaded NPs
have also successfully been able to reduce a-SMA expression in a con-
centration dependent manner, using drug concentrations (10 and
20 uM) that induced toxicity when used to treat cells in free from. Given
their different modes of action, it is no surprise that co-treatment with
JQ1 and At LRt-NPs showed a synergetic effect resulting in higher de-
gree of a-SMA expression reduction.

Interestingly, given their Rt content, drugless unloaded Rt modified
NPs also showed concentration dependent reduction in a-SMA expres-
sion when compared to unmodified NPs. It has been previously de-
monstrated that the in vitro treatment of HSCs with Rt could help
maintain a quiescent phenotype and even induce reversion of pheno-
typic changes [76-78]. However, in such in vitro tests, given its hy-
drophobicity, Rt had to be administered as an ethanolic solution
[76,77], complicating in vivo administration. When added to the NP
surface, Rt-NPs are readily dispersible in aqueous media facilitating
their in vivo intra-venous administration. The latter is complemented by
results showing the hemocompatibility of our prepared NPs, where up
to high concentrations (400 pg/mL) the NP did not induce any sig-
nificant hemolysis or agglutination. In comparison to drugless un-
modified NPs it is worth note that the effect of Rt modified unloaded
NPs was most obvious with HRt-NPs (Fig. 5A). However, when com-
pared to untreated cells, drugless LRt-NPs seem to reduce a-SMA ex-
pression as well (Fig. 5B). The observed effects in such cases could not
be solely attributed to Rt content since chitosan itself may have a
possible biological effect. Unfortunately, given the semi-quantitative
nature of the assay used herein to quantify a-SMA expression, it could
not be concluded whether the minute reduction in expression observed
with unloaded, unmodified NPs (Supplementary Fig. S5) relative to
untreated cells is in fact significant. Several reports have however de-
scribed the inflammatory activity of chitosan [79,80]. At the same time
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other reports have described anti-inflammatory effect for chitosan
[81,82]. It is quite possible at this point that the effect of chitosan is
dependent on cell type and dose among other factors. In fact, it has
been reported that chitosan shows an anti-inflammatory effect on M2
macrophages and a pro-inflammatory effect on M1 macrophages [83].
More interestingly, chitosan shows a dose-dependent effect in partially
primed macrophages; anti-inflammatory at a low dose and pro-in-
flammatory at a high dose [83]. In the case of liver disease in particular,
several studies have demonstrated the ant-inflammatory effects of
chitosan [84-86]. In fact, very recently, it was demonstrated that
chitosan exerts an anti-fibrotic effect in the a CCly liver fibrosis animal
model [87,88]. In particular, intravenous administration of chitosan
resulted in a decrease in a-SMA expression [87]. However, in such
cases, chitosan was administered as a polymeric solution and at much
higher concentration than that used herein [87]. Further experiments
investigating possible anti-fibrotic effects of unloaded, unmodified NPs
and LRt-NPs in vivo would be insightful.

5. Conclusions

We have demonstrated that chitosan nanoparticles modified with a
low density of Rt as a targeting ligand was able to show increased
uptake in primary HSCs in vitro and increased accumulation in fibrotic
liver in vivo, making them interesting vehicles for targeted drug delivery
in liver fibrosis therapy. In fact, LRt-NPs have been successfully loaded
with JQ1 and Atorvastatin and enabled HSC treatment with drug con-
centrations that were not suitable with free drug and hence resulting in
a significant decrease in a-SMA expression; a marker for HSCs activa-
tion. While the in vitro results reported herein demonstrate the sy-
nergistic effect of At and JQ1 in delaying HSCs activation, an in vivo
study conducted with a larger number of animals investigating the
ability of JQ1 and At LRt-NPs in reversing fibrosis would be more in-
sightful. The latter would be evaluated by histopathological evaluation
of liver sections using by hematoxylin and eosin in addition to Sirius
Red staining. On a more general note, this work in line our previous
work [26,53,89], demonstrates the grave importance of targeting li-
gand density, where the mere inclusion of targeting ligand without
careful optimization of targeting ligand density and orientation on the
NP surface will not result in successful in active targeting. In fact, might
increase drug concentration in an undesirable areas [89] aggravating
the dilemma of off target effects.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ejpb.2018.11.018.
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