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ABSTRACT
Purpose Gallic acid (GA) is a polyphenolic compound
with proven efficacy against hepatic fibrosis in experi-
mental animals. However, it suffers from poor bioavail-
ability and rapid clearance that hinders its clinical in-
vestigation. Accordingly, we designed and optimized re-
verse micelle-loaded lipid nanocapsules (RMLNC) using
Box-Behnken design that can deliver GA directly into
activated-hepatic stellate cells (aHSCs) aiming to sup-
press hepatic fibrosis progression.
Methods GA-RMLNC was prepared using soft energy, sol-
vent free phase inversion temperature method. Effects of for-
mulation variables on particle size, zeta potential, entrapment
efficiency (EE%) and GA release were studied. In-vivo biodis-
tribution of GA-RMLNC in rats and in-vitro activities on
aHSCs were also explored.
Results Nano-sized GA-RMLNCs (30.35 ± 2.34 nm) were
formulated with high GA-EE% (63.95 ± 2.98% w/w) and
physical stability (9 months). The formulated system
showed burst GA release in the first 2 h followed by sus-
tained release profile. In-vivo biodistribution imaging
revealed that RMLNC-loaded with rhodamine-B accu-
mulated mainly in rats’ livers. Relative to GA; GA-
RMLNC displayed higher anti-proliferative activities,

effective internalization into aHSCs, marked down-
regulation in pro-fibrogenic biomarkers’ expressions and
elevated HSCs’ apoptosis.
Conclusions These findings emphasize the promising appli-
cation of RMLNC as a delivery system in hepatic fibrosis
treatment, where successful delivery of GA into aHSCs was
ensured via increased cellular uptake and antifibrotic
activities.

KEYWORDS Gallic acid . hepatic fibrosis . hepatic stellate
cells . reversemicelle loaded lipid nanocapsules . passive targeting

ABBREVIATIONS
ANOVA Analysis of variance
aHSCs activated Hepatic stellate cells
cDNA Complementary DNA
COL1A1 Collagen type I
DAPI 4′,6-diamidino-2-phenylindole
DMEM Dulbecco’s Modified Eagle’s Medium
ECM Extracellular matrix
EE% Entrapment efficiency percentage
FBS Fetal bovine serum
GA Gallic acid
HBSS Hanks Balanced Salt Solution
HPLC High performance liquid chromatography
KH2PO4 Potassium dihydrogen phosphate
LNC Lipid nanocapsules
Na2HPO4 Disodium hydrogen phosphate
NP Nanoparticles
PBS Phosphate buffer saline
PDI Polydispersity index
PIT Phase inversion temperature
PS Particle size
Q2h Percentage drug released after 2 h
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qRT-PCR Quantitative Real-Time Polymerase Chain
Reaction System

RMLNC Reverse micelle loaded lipid nanocapsules
RM reverse micelle
SA Stearylamine
SEM standard error means
SRB Sulphorhodamine B assay
TEM Transmission electron microscopy
TGF-β1 Transforming growth factor-β1
ZP Zeta potential
α-SMA α-smooth muscle actin

INTRODUCTION

Hepatic fibrosis is a wound healing response to persistent liver
injury including alcohol abuse, biliary obstruction, hepatitis B
and C viral infections, fatty liver diseases, and autoimmune
diseases (1). It accounts for about 2.8%mortality rate (2) and is
deemed to be the sixth leading cause of death worldwide in
the age between 25 and 64 years (3). Hepatic fibrosis is a
slowly progressive and asymptomatic disease, that develops
into cirrhosis if left uncontrolled (4). Several types of cells par-
ticipate in the development of liver fibrogenesis, though he-
patic stellate cells (HSCs), non-parenchymal vitamin A storing
cells in the liver, show a crucial contribution in this pathway
(1,5). Following liver injury, HSCs undergo an activated state
where they transdifferentiate into myofibrolast-like cells.
Thereafter, they migrate towards the site of injury where they
produce huge amounts of chemokines, growth factors (includ-
ing transforming growth factor (TGF)-β1 and platelet-derived
growth factor) and components of extracellular matrix (ECM)
mainly collagen type I and III (6).

Despite the progress in understanding the pathogenesis of
hepatic fibrosis; yet, there is a lack of effective treatments
where liver transplantation remains the only available treat-
ment for end-stage liver failure (7). Efforts to halt the activa-
tion of HSCs represent an appealing approach to resolve liver
fibrosis (8), where numerous therapeutic approaches have
been investigated (9). However, the ECM deposited in the
fibrotic liver reduces the endothelial fenestrate diameter and
space of Disse, which subsequently block the delivery of anti-
fibrotic agents to the activated HSCs (aHSCs) (10,11).
Therefore, targeted delivery of therapeutic agents to aHSCs
is critical for the successful treatment of liver fibrosis (12).

Gallic acid (GA) is a natural polyphenolic compound avail-
able in grapes, green tea, strawberries and pomegranate
(13,14). It possesses antioxidant, anti-inflammatory, antitumor
and antimutagenic properties (15–17). GA was previously
reported to exhibit anti-fibrotic potential via suppression of
HSCs activation and proliferation in HSC cell lines and
thioacetamide-induced hepatic fibrosis in rats (18). In addi-
tion, GA was reported to induce apoptosis in a lymphoblastic

leukemia Jurkat and human hepatocellular carcinoma cell
lines (19,20). However, it shows low bioavailability owing to
its poor absorption and rapid metabolism that result in low
plasma concentration, thereby limiting its therapeutic appli-
cability (14). Therefore, formulation of GA-loaded nanosys-
tems could be a promising approach to boost its bioavailability
and improve its liver-targeting behavior.

Lately, nanomedicine has grabbed researchers’ attention
for their wide applicability in the treatment of hepatic fibrosis
(21–23). The composition, shape, size and surface properties
of the nanoparticulate (NP) systems contribute to their distinc-
tive characteristics for successful delivery of therapeutic moie-
ties (24). Current NP therapies for hepatic fibrosis aimed
mainly for targeting aHSCs through their nano-size (25),
where the ideal NP therapy should gain access easily to the
reduced endothelial fenestrate diameter and space of Disse of
fibrotic liver (10,11).

Lipid nanocapsules (LNCs), special type of NP systems, are
composed of a lipophilic core of medium chain triglyceride
enveloped with a corona of pegylated surfactant, which rely
on the phase inversion temperature (PIT) procedure for nano-
emulsion formation (26). LNC formulation involves solvent
free, fast, scalable and low energy emulsification technique
without drug decomposition during the preparation and show
high physical stability for more than one year in addition to
their small sizes that will contribute to their effective passive
targeting (27–29). Previous literature used LNCs for delivery
of several hydrophobic drugs including anticancer (30) and
anti-inflammatory drugs (31). However, they are not suitable
for incorporation of hydrophilic drugs where the hydrophobic
core of the LNC will permit rapid diffusion of the drug into
the surrounding aqueous media (32). Thus, encapsulation of
GA, a compound with hydrophilic characteristics, into such
vesicular drug delivery systems may be challenging.
Preparation of reverse micelles (RMs) could allow the inclu-
sion of hydrophilic drugs into LNC with high encapsulation
yield (27,33–35). RMs are thermodynamically stable transpar-
ent systems consisting of multimolecular layers of surfactants
that self-assemble spontaneously in a non-polar phase forming
a hydrophilic core (36). Reverse micelle loaded lipid nanocap-
sules (RMLNCs) offer the privilege of high encapsulation effi-
ciency of hydrophilic moieties with minimal drug leakage as
well as controlled drug release. Our research group is the first
to elucidate the promising application of RMLNC in the
treatment of hepatic fibrosis, as most of its previous applica-
tions were studied in cancer therapy (34,36).

The purpose of our study was to fabricate and optimize
RMLNC to achieve specific and controlled delivery of GA
into aHSCs to retard their activation and trigger fibrosis re-
gression. Herein, we aimed to reduce GA degradation, en-
hance its liver-targeting characteristics and subsequently im-
prove its therapeutic efficacy. Accordingly, formulation varia-
bles were statistically analyzed and optimized to minimize the
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particle size of the formulated nanocapsules and maximize GA
encapsulation. The in vivo accumulation and distribution of
the optimized GA-RMLNC in rats’ livers and other vital
organs were also evaluated. Moreover, the safety of the opti-
mizedGA-RMLNC system on normal hepatocytes, the extent
of HSCs uptake and the subsequent effect of the optimized
GA-RMLNC system to inhibit HSCs proliferation, activation,
apoptosis and/or collagen deposition were assessed in vitro on
HSC (HSC-T6) cell line.

MATERIALS AND METHODS

Materials

Gallic acid (GA) powder, Kolliphor® HS 15 (a mixture of free
polyethylene glycol 660 and polyethylene glycol 660 hydroxys-
tearate), Kolliphor®RH40 (Macrogol glycerol hydroxystearate),
stearylamine (SA), Sulphorhodamine B (SRB) dye, Rhodamine
B dye and dialysis membrane with 12,000–14,000 molecular
weight cut-off were purchased from Sigma-Aldrich, MO,
USA. Dulbecco’s Modified Eagle’s Medium (DMEM) and fetal
bovine serum (FBS) were purchased from GIBCO, NY, USA.
Hanks Balanced Salt Solution (HBSS), phosphate buffer saline
(PBS) and trichloroacetic acid were purchased from Lonza Bio-
products, Verviers, Belgium. Recombinant TGF-β1 and 4′,6-
diamidino-2-phenylindole (DAPI) fluorescent dye were pur-
chased from Cell Signaling Technology, MA and Invitrogen
Corporation, CA, USA, respectively. Sodium chloride, potassi-
um dihydrogen phosphate (KH2PO4) and disodium hydrogen
phosphate (Na2HPO4) were purchased from El-Nasr
Pharmaceutical Chemicals, Egypt. Ethanol 96% was obtained
from Piochem, Egypt. Rat tail type I collagen tissue culture
plates were purchased from Greiner Bio-One, Germany.
Labrafil M 1944 CS (Oleoyl macrogolglycerides, HLB= 9),
Labrafac lipophile WL 1349 (caprylic-capric acid triglycerides,
HLB= 2) were kindly supplied by Gattefossé, France. Lipoid®
S75 (soybean lecithin at 70% of phosphatidyl choline) was a gift
from Lipoid Gmbh -Ludwigshafen, Germany.

Methods

Study Design

Response surface methodology (RSM) is widely applied for the
statistical formulation, analyses and optimization of various
nanosystems for drug delivery. This statistical technique allows
for the creation of polynomial mathematical relationships from
numerous experimental designs as well as plotting the response
over the experimental domain. RSM designs (Box-Behnken,
Central composite and D-optimal designs) are usually adopted
for statistical development of the formulations. Box-Behnken
model, an independent quadratic statistical model, was selected

for our study as it helps in reducing the number of experimental
trials and subsequently, saving time and cost. The process vari-
ables were set at the midpoints of the edges as well as at the
center of the process space (37,38).

A three level-three factor Box-Behnken design (Design
Expert, Ver 7, Stat-Ease Inc. Minneapolis, MN, USA) was
employed to study the effect of the independent formulation
variables: Lipoid S75 concentration (X1), Stearylamine (SA)
amount (X2) and volume of RM (X3) on the RMLNC char-
acteristics. The independent variables and their levels were
chosen based on preliminary trials. The studied responses
were: particle size (PS; Y1), polydispersity index (PDI; Y2),
zeta potential (ZP; Y3), entrapment efficiency (EE%; Y4)
and percentage of drug released from the formulated system
after 2 h (Q2h; Y5). The Box-Behnken design variables and
responses are shown in Table 1. Seventeen systems were sug-
gested by the design, twelve runs disclosed the mid-point of
each edge of the 3D cube and the center point of the 3D cube
was repeated for five times (Table 2). The optimized system
was selected relying on the formerly examined independent
variables as well as the dependent responses to obtain a high-
quality system characterized by maximum EE% and ZP to en-
sure the effectiveness and stability of the developed LNC,
while PS, PDI and Q2h were minimized to facilitate the pene-
tration of the optimized system into liver sinusoidal fenestra-
tions and prolong its therapeutic effect.

Formulation of GA Loaded RM

RM was prepared by mixing Labrafil M 1944 CS oil with
Kolliphor® RH40 surfactant at a ratio of 1:1 (w/w) on a
magnetic stirrer (Wisd Wisestir MSH 20-D, Witeg,
Germany) at 750 rpm. The appearance of stable transparent

Table 1 Independent and dependent variables in the suggested Box-
Behnken statistical design

Factors (independent variables) Levels of variables

Low
(− 1)

Medium
(0)

High
(+ 1)

X1: Lipoid S75 concentration 0% 1.5% 3%

X2: SA amount 0 mg 5 mg 10 mg

X3: Volume of RM 0.5 mL 1.25 mL 2 mL

Responses (dependent variables) Constraints

Y1: PS Minimum

Y2: PDI In range

Y3: ZP Maximum in terms of absolute value

Y4: EE% Maximum

Y5: Q2h Minimum

SA= stearylamine, RM= Reverse micelle, PS= particle size, PDI = polydis-
persity index, ZP= zeta potential, EE% entrapment efficiency percentage,
Q2h= percentage of drug released after 2 h
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homogenous system after equilibration indicated the forma-
tion of RMs (36). Afterwards, an accurately weighed amount
of GA (10 mg) was added to different volumes of RM accord-
ing to the experimental design (Table 2).

Preparation of GA-RMLNC

LNC, composed of 39.3% w/wKolliphor® HS 15, 17.2% w/
w Labrafac lipophile WL 1349, 1.8% w/w sodium chloride
and distilled water, were fabricated based on a modified pre-
viously reported PITmethod (33,35). Different amounts of SA
and lipoid S75 were also added according to the experimental
study design proposed (Table 2).

Briefly, Labrafac, Kolliphor® HS 15, SA and Lipoid S75
weremixed together, followed by the addition of sodium chloride
aqueous solution with continuous magnetic stirring at 750 rpm.
The formedmixture was subjected to four heating-cooling cycles
between 90 and 60°C at temperature change rate 4°C/min with
continuous stirring. Afterwards, the preheated formulated GA-
RM was added dropwise to the prepared mixture in the final
cooling cycle, when the system temperature reached 85°C.

The cooling process was then continued till the PIT (75°C),
where an irreversible shock for the system was promoted by
quenching with 2.5 mL icy distilled water and then, the system
was vortexed (JULABO Labortechnik, Germany) for 1 min.
Finally, the preparedGA-RMLNCwas stored in the refrigerator
for further evaluations.

Characterization of the Prepared GA-RMLNC

Determination of PS, PDI and ZP of the Prepared Formulations

The PS and PDI of the formulated systems were determined
by Malvern Zetasizer (ver.6.20, Malvern Instruments Ltd.,
Worcestershire, England). Samples were diluted 10 folds with
double distilled water, at room temperature (30°C), and
placed in chamber with light scattering angle of 90° (39).

The ZP was measured by a laser Doppler anemometer cou-
pled with the same instrument. A potential of ±150 mV was set
in the instrument. All measurements were repeated in triplicate.

Determination of Drug Content and EE%

The drug content in RMLNCwas evaluated by dissolving the
formulated system in ethanol (96% v/v). GA concentration
was determined spectrophotometrically using a UV-
spectrophotometer (Shimadzu, UV-1601 PC, Japan) at λmax

272 nm (40,41) with reference to a pre-constructed calibration
curve at the same wavelength (r2 = 0.999, n= 3). On the other
hand, the EE% of the formulated GA-RMLNC was mea-
sured using the dialysis method. In brief, 1 mL of the
obtained nanoformulation was added to a dialysis bag
(cutoff 12,000) and submerged in deionized water for
24 h (27). Afterwards, the unentrapped GA concentra-
tion was assessed at λmax 272 spectrophotometrically.

Table 2 Different runs’ composition corresponding to Box-Behnken design with their resultant dependent variables, expressed as means ± SD, n=3

Run Lipoid S75
concentration
(%)

SA
amount (mg)

Volume of
reverse
micelle (mL)

Mean
PS±SD (nm)

Mean PDI± SD Mean
ZP±SD (mV)

Mean
EE%±SD
(% w/w)

Mean
Q2h±SD (%)

1 1.5 10 0.5 42.09 ± 0.34 0.29 ± 0.01 8.55 ± 0.18 30.10 ± 3.62 83.41 ± 4.56

2 3 5 2 45.04 ± 0.10 0.26 ± 0.01 −7.81 ± 0.47 53.87 ± 2.82 51.32 ± 2.19

3 0 0 1.25 48.00 ± 0.35 0.23 ± 0.01 −8.00 ± 0.99 30.00 ± 2.48 70.00 ± 3.31

4 1.5 5 1.25 58.15 ± 0.52 0.50 ± 0.01 2.61 ± 0.15 40.80 ± 3.51 61.16 ± 2.41

5 1.5 10 2 48.22 ± 0.34 0.24 ± 0.03 4.55 ± 0.17 52.90 ± 2.12 53.14 ± 1.55

6 1.5 0 0.5 55.86 ± 0.44 0.35 ± 0.02 −11.60 ± 0.28 26.00 ± 3.56 81.72 ± 1.37

7 1.5 5 1.25 45.20 ± 0.17 0.23 ± 0.01 4.00 ± 0.59 43.00 ± 2.29 62.09 ± 3.30

8 1.5 0 2 45.74 ± 0.50 0.23 ± 0.02 −11.45 ± 0.30 60.00 ± 4.43 56.32 ± 2.94

9 0 10 1.25 52.60 ± 2.10 0.27 ± 0.02 5.00 ± 0.50 47.00 ± 2.26 59.76 ± 4.73

10 0 5 2 37.93 ± 0.60 0.23 ± 0.02 −1.80 ± 0.11 56.00 ± 4.93 50.71 ± 5.55

11 0 5 0.5 56.08 ± 0.10 0.35 ± 0.01 1.23 ± 0.13 28.80 ± 4.12 75.95 ± 3.30

12 1.5 5 1.25 48.02 ± 0.12 0.32 ± 0.04 4.49 ± 0.20 44.00 ± 3.89 75.52 ± 3.54

13 1.5 5 1.25 40.52 ± 0.29 0.22 ± 0.02 5.03 ± 0.10 45.50 ± 4.55 62.51 ± 2.28

14 1.5 5 1.25 51.77 ± 0.12 0.41 ± 0.03 4.20 ± 0.28 45.00 ± 1.49 61.71 ± 2.08

15 3 10 1.25 52.97 ± 0.25 0.33 ± 0.02 1.88 ± 0.10 46.00 ± 2.26 67.11 ± 2.38

16 3 5 0.5 55.16 ± 0.55 0.37 ± 0.01 11.80 ± 0.22 31.00 ± 3.22 72.20 ± 1.48

17 3 0 1.25 59.14 ± 0.60 0.46 ± 0.03 −13.90 ± 0.35 49.20 ± 3.14 57.00 ± 1.14

SA= stearylamine, PS= particle size, PDI = polydispersity index, ZP= zeta potential, EE%= entrapment efficiency percentage, Q2h= percentage of drug
released after 2 h
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The EE% was finally calculated using the following
equation:

EE% ¼ Total drug content−free unentrapped drug

Total drug content

� �
x100 ð1Þ

In Vitro Drug Release Profile

GA release from the different systems was performed using the
in vitro dialyzing method in an oscillating thermostatically con-
trolled water bath shaker (Tulabo SW-20 C, USA). The re-
lease medium was phosphate buffer (pH 6.8, 100 mL) main-
tained at 37 ± 0.5°C shaken at 100 rpm. Three mL aliquots
were removed and compensated with the same volume of the
release medium at predetermined time points (1, 2, 4, 6, 8 and
24 h). Finally, the amount of GA released was spectrophoto-
metrically assessed at λmax 258 nm (42,43). The Q2h was
incorporated into the statistical design.

Checkpoint Analysis and Model Validation. Four check points
(systems Chkp1–Chkp4, Table 3) were randomly chosen by
intensive grid search over the whole experimental region and
their mean PS, PDI, ZP, EE% andQ2h were assessed (44,45).
The predicted values of each dependent variable were calcu-
lated by substituting the values in the coded polynomial equa-
tion and compared with the experimental values to find the
percentage prediction error (%) using Eq. 2. Student T-test
was applied between the actual and predicted values of de-
pendent parameters and p value was calculated where p value
<0.05 was considered to be significant (46).

Percentage prediction error %ð Þ

¼ Predicted value−Observed value

Predicted value
x 100 ð2Þ

Characterization of the Optimized GA-RMLNC

PS, PDI, ZP and EE% Determination. The optimized GA-
RMLNC was evaluated in terms of PS, PDI, ZP and EE%
as previously mentioned.

Transmission Electron Microscopy (TEM). The morphology of
the optimized GA-RMLNC was observed using TEM (Jeol,
1200 EXII, Tokyo, Japan). A drop of the diluted dispersion
was placed on a carbon coated copper grid followed by the
addition of one drop of phosphotungstic acid (2% w/v aque-
ous solution). The sample was left to dry and excess reagent
was removed using filter paper after 1 min. Finally, the grid
was examined under a transmission electron microscope at
80 kV (47).

In Vitro Drug Release Study. The study was operated in tripli-
cate to compare between the optimized GA-RMLNC and
drug solution using the in vitro dialyzing method as previously
discussed.

Stability Study. The impact of storage at 4 ± 1°C on the opti-
mized GA-RMLNC system characteristics (PS, ZP, PDI, drug
content, EE%, Q2h and complete dissolution profile) was
evaluated at different time points post preparation (0, 3, 6
and 9 months).

In Vitro Activity and In Vivo Bio-Distribution Testing

Animals. Nine adult male Sprague-Dawley rats weighing 200
± 50 g were obtained from the Animal House, Theodor
Bilharz Research Institute (Giza, Egypt). All animals were
maintained in an environmentally controlled room at 20–
22°C, under 12-h light/dark cycles and 50–60% humidity
with free access to food and water ad libitum. Experiments on
animals were conducted in accordance with the Association
for Assessment and Accreditation of Laboratory Animal Care

Table 3 The composition of the checkpoint systems, the predicted and observed values of the dependent response variables and percentage prediction error

Formula The coded
independent
variable levels

The dependent variables

Y1 Y2 Y3 Y4 Y5

X1 X2 X3 P O Error
%

P O Error
%

P O Error
%

P O Error
%

P O Error
%

Chkp1 0.368 −1 1 47.95 42.09 12.22 0.30 0.29 3.49 −11.70 −12.50 −6.77 60.00 61.10 −1.83 51.88 50.20 3.25

Chkp2 −0.66 1 1 42.46 37.93 10.66 0.22 0.21 6.22 5.10 5.70 −11.60 57.34 54.2 5.47 52.61 49.40 6.10

Chkp3 0 −1 0.33 49.84 52.30 −4.93 0.31 0.29 8.82 −9.28 −8.80 5.20 46.87 50.10 −6.88 60.81 55.3 9.06

Chkp4 1 0 1 47.74 45.04 5.64 0.31 0.27 13.03 −3.93 −5.10 −29.46 57.45 53.87 6.23 50.99 51.32 −0.65

p value 0.14 0.12 0.48 0.41 0.11

P= predicted value, O= observed value
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international expectations for animal care and use/ethics
committees. The protocol was approved by the Research
Ethics Committee of Faculty of Pharmacy, Cairo University
(PI2254).

In Vivo Organ Bio-distribution.Optimized RMLNCwas loaded
with rhodamine B dye instead of the drug. After that, the free
unencapsulated rhodamine B was removed through dialysis
with cellulose membrane (cutoff 12,000) in deionized water.
The medium was then replaced with fresh deionized water
until clear dialyzed water was observed (48).

Normal healthy rats were intravenously (IV) injected with
rhodamine B loaded RMLNC. Four hours later, rats were
sacrificed by decapitation under light anesthesia; vital organs
(liver, spleen, lungs and kidneys) were separated and investi-
gated using confocal laser scanning microscopy (LSM 710,
Carl Zeiss, Jena, Germany). Rhodamine B fluorescence was
excited at λex = 488 nm and its emissions were detected at
λem = 620 nm. Tissue sections (10-μm thick) were imaged
(magnification ×100) using a confocal microscope (LSM
710, Carl Zeiss, Jena, Germany) and the mean fluorescence
intensity of each organ was compared.

Cell Culture. Immortalized rat hepatic stellate cell line (HSC-
T6), a kind gift by Prof. Scott Friedman (Mount Sinai
Hospital, New York, NY, USA), was cultured in DMEM sup-
plemented with 10% FBS and antibiotics (50 U/mL penicillin
and 50 μg/mL streptomycin) and incubated at 37°C in an
atmosphere of 5% CO2. HSC-T6 at 80% confluence were
activated via treatment with TGF-β1 (10 ng/mL) for 24 h.

Isolation and Culture of Primary Rat Hepatocytes. Hepatocytes
were isolated using a two-step collagenase perfusion technique
as previously described by Shen et al. (49). Briefly, a rat liver
was perfused through the portal vein using HBSS without
Ca2+ and Mg2+. Liver was then perfused with collagenase
type IV solution (0.05%) for 20 min, followed by dissection
of liver capsule and harvesting of cell suspensions. Cell suspen-
sions were washed and collected following three centrifuga-
tions at 50 xg (Thermo Fischer Scientific, Germany).
Hepatocytes viability was assessed by trypan blue exclusion
method and cells with viability greater than 95% were seeded
on precoated rat tail type I collagen tissue culture plates.
Primary hepatocytes were cultured in DMEM supplemented
with 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomy-
cin, 0.1 μM dexamethasone and 10 μg/mL insulin at 37°C
with 5% CO2.

Cell Viability Assay.The cytotoxicity of the optimized RMLNC
(either void or loaded with GA) in addition to free GA solution
was investigated on HSC-T6 and primary hepatocytes using
SRB assay (50). Briefly, cells (HSCs: 1 × 104 cells/well, hep-
atocytes: 5 × 103 cells/well) were seeded in 96-well plates and

exposed to different concentrations of the tested systems (1 to
20 μg/mL) for 48 h. Cells were fixed with 50% trichloroacetic
acid solution for 1 h at 4°C, then rinsed with tap water and
stained with 0.4% SRB dye. Finally, the unbound dye was
removed, and the optical density was measured at 550 nm
using a microplate ELISA reader (ELX 808-Biotek, USA).

Cellular Uptake Assay. To determine the effect of RMLNC
uptake by HSC-T6; HSCs were seeded at 3 × 105 cells/well
in 6-well plates containing 12 mm coverslips and cultured for
24 h. HSC-T6 cells were incubated with either void (negative
control) or RMLNC loaded with rhodamine B in a concen-
tration of 10 μg/mL for 4 h at 37°C. Cells were washed 3
times with PBS, fixed with 10% formaldehyde and examined
under a fluorescence microscope (IX81, Olympus, Tokyo,
Japan). Furthermore, the cellular uptake of either optimized
GA-RMLNC or free GA solution was quantitatively deter-
mined using high performance liquid chromatography
(HPLC). Briefly, HSC-T6 cells were cultured in 12 well cul-
ture plates (1 × 105 cells/well). After 24 h, HSC-T6 cells were
incubated with either the optimized system or free GA solu-
tion for 4 h at 37°C, then the NP suspension was aspirated,
and the cells were washed three times with 1 mL ice-cold PBS.
The cells were treated with 250 μL 0.5% Triton-X 100 for
30 min and the suspension was harvested. Following the ad-
dition of mobile phase to the collected cell suspension, the
samples were vortexed for 3 min, sonicated for 5 min and then
centrifuged for 10 min at 15,000 rpm and 4°C. The cell
lysates were collected and injected into the HPLC for intra-
cellular drug assay (48). Determination of GA using HPLC
(Shimadzu, Japan) was previously validated by Kamal et al.
(51). The samples were separated on a Phenomenex bond-
clone 10, C18, 3.9 × 300 mm, 5 μm particle size column
(Torrance, CA, USA) using mobile phase (acetonitrile 20%
v/v : water 80% v/v). The mobile phase was filtered and
degassed and the flow rate was adjusted to 0.8 mL/min.
The injection volume was 20 μL and samples were detected
via UV detector at λmax 272 nm. A calibration curve was
constructed within the concentration range of 0.2–10 μg/
mL with a coefficient r2 = 0.999.

Cell Migration/Wound Healing Experiments. HSCs were plated
in 12-well culture plates (1 × 105 cells/well) and were serum-
starved for 24 h, a scratch was then made using a yellow tip
fixed in a holder. HSCs were then washed twice and incubat-
ed with starvation medium (control), free GA solution, void
RMLNC or GA-RMLNC. Microscopic photographs
(Primovert Carl-Zeiss, Jena, Germany) were taken at 0 and
48 h (×40 magnification) to measure cell migration at the
indicated time points and the percentage of the wound-
healed area was calculated.
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Quantitative Real-Time Polymerase Chain Reaction System (qRT-
PCR) Evaluation of the mRNA Expression of Fibrosis Markers in
HSCs. Total cellular RNA was extracted from HSC-T6 cells
using QIAzol and RNeasy mini kit (QIAGEN, Valencia, CA,
USA) then Complementary DNA (cDNA) was reverse tran-
scribed using cDNA Reverse Transcription Kit (Applied
Biosystems, CA, USA), in accordance with the manufacturers’
instructions. mRNA expressions of collagen I (COL1A1),
transforming growth factor (TGF)-β1, α-smooth muscle actin
(α-SMA) and caspase-3 were detected using Maxima SYBR
GreenMaster Mix (Thermo Scientific, MA, USA) via a qRT-
PCR (Applied Biosystems, CA, USA). The primers sequences
(Invitrogen, CA, USA) are listed in Table 4. The differences
between the samples were determined by the value of 2(–ΔΔCt)

and the results were normalized to GAPDH.

Apoptosis Assay Using DAPI Staining. HSC-T6 apoptosis was
detected using DAPI fluorescent dye. Briefly, HSC-T6 were
seeded in 12 well culture plates (1 × 105 cells/well) for 24 h,
then they were exposed to IC50 concentrations of optimized
GA-RMLNC, void RMLNC and equivalent concentrations
of GA solution for 48 h. Following the exposure period, cells
were washed with PBS and stained with DAPI at 0.5 μg/mL
for 5 min. Signs of apoptosis (nucleus condensation or chro-
matin fragmentation) were evaluated under fluorescence mi-
croscope (IX81, Olympus, Tokyo, Japan).

Statistical Analyses. Data are presented as the mean ± stan-
dard error of the means (SEM) of three independent experi-
ments. The statistical analyses were performed using one-way
analysis of variance (ANOVA) test followed by Tukey’s post hoc
test for multiple comparisons (GraphPad Software version
5.03, San Diego, California, USA). p< 0.05 was considered
statistically significant.

RESULTS

Characterization of the Prepared GA-RMLNC

PS, PDI and ZP

The mean PS of the formulated systems ranged from 37.93 ±
0.60 nm (F10) to 59.14 ± 0.60 nm (F17) with PDI values fluc-
tuating between 0.22 ± 0.02 (F13) and 0.50 ± 0.01 (F4)
(Table 2), thus indicating good homogeneity of the nanocap-
sules dispersion.Whereas, the ZP values of the systems extend-
ed from −13.90 ± 0.35 mV (F17) to 11.80 ± 0.22 mV (F16)
(Table 2). The evaluation of the PS (Y1), PDI values (Y2) as
well as ZP response values (Y3) was suited to the linear model
because the levels of r2 and adjusted r2 were the closest to each
other with low PRESS value. ANOVA statistical analysis
showed no significant correlations between the independent
formulation variables and both PS and PDI of the prepared
system (p > 0.05). However, it demonstrated a significant ef-
fect of SA amount (X2) on ZP values (p < 0.05) as shown in
Fig.1.

Entrapment Efficiency (EE%)

Table 2 shows that the EE% of GA in the prepared LNC
varied from 26 ± 3.56% w/w (F6) to 60 ± 4.43% w/w (F8).
The 2FI was the most fitting model while evaluating the EE%
response values (Y4). ANOVA statistical analysis of the results
declared that increasing the volume of RM (X3) significantly
enhanced the EE%, whereas the interaction between Lipoid
S75 concentration (X1) and SA amount (X2) negatively af-
fected the EE% at p< 0.05 (Fig. 1).

In Vitro Drug Release

Almost all the formulated systems exhibited a 2-phase drug
release; an initial fast release phase within the first 2 h followed
by slower release phase till 24 h (Supplementary data Fig. S1).
The results of Q2h for all systems presented in Table 2 ex-
tended from 50.71 ± 5.55% w/w (F10) to 83.41 ± 4.56% w/
w (F1). Q2h values (Y5) were statistically evaluated using the
linear model where the statistical data analysis via ANOVA
displayed a significant impact of RM volume (X3) on Q2h at
p< 0.05 (Fig. 1).

Checkpoint Analysis and Model Validation

Table 3 presents the results of check point analysis of the
randomly chosen systems. At 5% significance, there was no
significant difference between actual and predicted value of all
the studied dependent variables (p> 0.05). In addition, the
calculated percentage prediction error was low for all the sys-
tems assuring the model validity.

Table 4 Primers sequences used in RT-qPCR

Gene Sequence

Col1A1 Forward: 5’-GATCCTGCCGATGTCGCTA-3′

Reverse: 5’TGTAGGCTACGCTGTTCTTGCA-3′

TGF-β1 Forward: 5’-TGAGTGGCTGTCTTTTGACG-3′

Reverse: 5’-TGGGACTGATCCCATTGATT-3′

α-SMA Forward: 5’-CGAAGCGCAGAGCAAGAGA−3′

Reverse: 5’-CATGTCGTCCCAGTTGGTGAT-3′

Caspase-3 Forward: 5’-GAGACAGACAGTGGAACTGACGATG-3′

Reverse: 5’-GGCGCAAAGTGACTGGATGA-3′

GAPDH Forward: 5’-GACAACTTTGGCATCGTGGA-3’

Reverse: 5’-ATGCAGGGATGATGTTCTGG-3’
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Statistical Design Optimization

The constraints on responses (PS, PDI, ZP, EE% andQ2h) were
performed via Design Expert software that suggested an opti-
mized system with desirability of 0.971 upon minimizing PS, PDI
and Q2h while maximizing EE% and ZP. The suggested opti-
mized GA-RMLNC system was formulated using Kolliphor®

HS 15, Labrafac lipophile WL 1349, sodium chloride, and dis-
tilled water. The Lipoid S75 was added in a concentration of 3%
w/w, without SA addition whereas the optimized volume ofGA-
RM used was 2 mL. The optimized system was prepared and
evaluated in triplicate and the mean observed responses were
30.35 ± 2.34 nm for PS and 0.1 ± 0.09 for PDI, whereas the
average ZP, EE% and Q2h were− 12.06 ± 1.34 mV, 63.95 ±
2.98% w/w and 51.2 ± 3.44% w/w, respectively.

Characterization of the Optimized GA-RMLNC

Transmission Electron Microscopy. The transmission electron
micrograph of the optimized GA-RMLNC shown in Fig. 2
illustrates discrete nanosized spherical globules that fits with
the PS measurements obtained from Malvern zetasizer.

In Vitro Drug Release Profile. GA solution was completely re-
leased from dialyzing bag after 30 min as displayed in
Fig. 3. On the other hand, the optimized system showed a
biphasic release profile where it recorded an abrupt GA re-
lease at the beginning of experiment (Q2h; 50% w/w), fol-
lowed by a gradual discharge of GA from the optimized sys-
tem (Q8h = 70% w/w and Q24h = 85% w/w).

Stability Study. The stability study revealed non-significant
changes in PS, PDI, ZP after storage for 3, 6 and 9 months at
4 ± 1°C when compared to the fresh system (p> 0.05). The
mean PS results were 32± 1.01, 31 ± 2.10 and 29± 1.70 nm,
PDI levels were 0.09 ± 0.01, 0.12 ± 0.05 and 0.13± 0.02 while
mean ZP values were− 13 ± 1.13, −12 ± 2.32 and− 11.7 ±
1.06 mV after 3, 6 and 9 months, respectively. The optimized
GA-RMLNC system maintained same drug content, EE% and
Q2h values at different time intervals during the study where the
variations were not significant. The recorded data were 63±
4.50, 62 ± 2.03 and 60± 3.12% w/w for EE% and 52± 1.9,
53± 2.12 and 54± 3.02%w/w forQ2h after 3, 6 and 9months’
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Fig. 1 Line plots for the main effects of (a) SA amount on ZP, and (b) RM volume on EE%, (c) the interaction between lipoid S75 concentration and SA amount
on EE% and (d) the main effect of RM on Q2h of GA-RMLNC. SA= stearylamine, ZP= zeta potential, RM= reverse micelle, EE%= entrapment efficiency
percentage, Q2h= percentage of drug released after 2 h, GA= gallic acid, RMLNC= reverse micelle loaded lipid nanocapsules

  180 Page 8 of 17 Pharm Res          (2020) 37:180 



storage. The dissolution profiles of GA from the optimized
RMLNC were nearly superimposed at all-time intervals.

In Vivo Organ Bio-distribution. Figure 4 illustrates surface xy
images of normal organs treated with flouro-labeled
RMLNC and the mean fluorescence intensity of each organ
is shown in Fig. 4. The optimized system showed maximum
mean fluorescence intensity in liver (4.4-fold higher than
kidneys, 8-fold more than the spleen, and 7-fold greater than
RMLNC distribution in the lungs).

GA-RMLNC Inhibited HSCs Proliferation. Figure 5 revealed that
incubation ofHSC-T6with freeGA solution, voidRMLNCand
GA-RMLNC exhibited concentration dependent suppression in
the HSCs proliferation. GA-RMLNC showed more potent anti-
proliferative effects when compared to either void RMLNC or
free GA at 48 h. This was illustrated through IC50 values where
GA solution, void RMLNC and GA-RMLNC showed IC50 of
5.38, 9.88 and 1.38 μg/mL, respectively. Therefore, cells were
treated with IC50 of GA-RMLNC and equivalent amounts of
void RMLNC or GA in all subsequent analyses.

In addition, all formulations exhibited no significant cytotoxic
effects on primary hepatocytes after 48 h incubation over the
range of selected tested concentrations (1–20μg/mL), where the
percentage of cell viability was 90% for GA and approximately
80% for both void and GA-RMLNC (Fig. 5).

Cellular Uptake of RMLNC by HSCs. The uptake of the opti-
mized RMLNC by HSCs was initially detected after incubation
of HSCs with rhodamine B loaded RMLNC for 4 h using
fluorescence microscopy. Incubation of HSCs with the void
RMLNC system, which served as a negative control, showed
no fluorescence inside the cells (data not shown); whereas intense
red signals were observed inside the cells incubated with
rhodamine-loaded system which indicated efficient internaliza-
tion of rhodamine-loaded RMLNC into HSCs (Fig. 5).

The quantitative assessment of the cumulative HSCs intra-
cellular GA concentrations at 4 h post incubation with the
optimized RMLNC and free GA solution were 16% and
7%, respectively. These results indicated the increase in the
cellular uptake of the optimized GA-RMLNC by 2.3-fold in
comparison to free drug solution.

GA-RMLNC Blocked HSC-T6 Migration. The wound healing
and migration activities of HSC-T6 cells were monitored at
0 and 48 h post exposure to GA treatments either in its free or
encapsulated RMLNC forms.Migration of HSCs towards the
wounded area in control untreated cells caused almost wound
closure after 48 h. Exposure of HSCs toGA either in its free or
RMLNC forms markedly suppressed HSC-T6 migration.
Meanwhile, exposure of HSCs to void RMLNC showed min-
imal regression in HSC-T6 migration when compared to ei-
ther free GA or GA-RMLNC. Notably, GA-RMLNC almost
inhibited HSCs migration towards the wounded area as it
showed 83.88% reduction in its migration activity when com-
pared to free GA solution (Fig. 6a and b).

GA-RMLNC Down-Regulated the Expression of Profibrogenic
Markers and Triggered Apoptosis of HSCs. The antifibrogenic
effects of the optimized GA-RMLNC on HSC-T6 cell line
was investigated in comparison to free GA solution. As shown
in Fig. 6, incubation of GA-RMLNC resulted in a significant
down-regulation of mRNA expressions of α-SMA, TGF-β1
and Col1A1 when compared to free GA solution by 19.30,
29.41 and 41.76%, respectively. Meanwhile, void RLMNC
showed a trivial inhibition in the mRNA expression of α-SMA
and TGF-β1 when compared to untreated cells; this observed
inhibition was still significantly lower than those reported by
either free GA or GA-RMLNC.

In addition, GA-RMLNC significantly induced the apo-
ptosis of HSCs by 1.54-fold in comparison to free GA solu-
tion, whereas minor apoptosis induction was demonstrated in
cells treated with void RMLNCwhen compared to either free
GA or GA-RMLNC (Fig. 6). This was further confirmed by
DAPI staining, which selectively binds to DNA forming in-
tense DNA-DAPI fluorescent complexes. Images of DAPI
stained cells of GA-RMLNC illustrated typical apoptotic
features in nuclear morphology including intensely
stained, fragmented and condensed nuclei, and chroma-
tin degradation than GA (Fig. 6).

Fig. 2 Transmission electron micrograph of GA-RMLNC (bar= 100 nm,
magnification power = 50,000x). GA-RMLNC= reverse micelle loaded lipid
nanocapsules of gallic acid
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DISCUSSION

Although currently investigated therapeutic interventions for
hepatic fibrosis focus mainly on targeting aHSCs (4), yet, lim-
ited clinical benefits were achieved. This is attributed to either
insufficient delivery of adequate concentrations of therapeutic
agents into the liver or exacerbation of off-target drug effects
(5,52). Nano-therapies may offer a promising therapeutic ap-
proach to liver fibrosis via successful delivery of drugs to HSCs
(53). Therefore, our study aimed to design targeted delivery
systems that can successfully deliver GA directly to HSCs.

Higguchi et al. (54) suggested that nano-sized drug delivery
systems with PS not exceeding 150 nm could allow efficient
targeting of HSCs in liver fibrosis. Such nano-sized systems
will be easily up-taken by target cells, avoid rapid renal
clearance, provide a large surface area that can improve

drug release, as well as enhance the biodistribution and
efficacy of drugs (55,56).

In the current study, LNCs were used as carriers for GA to
protect it from degradation and enhance its liver- targeting char-
acteristics. The formulation process of LNC utilized soft energy
during nano-emulsification procedure (PIT method), thereby
generating oil based nanostructure coated by a corona of hydro-
philic surfactant. The encapsulation of hydrophilic drugs into
LNCs could be accomplished by inclusion of a drug-loaded re-
verse micellar system into the LNC lipid core (27,34).

RMs are stable, transparent and homogenous systems
composed of an oil and a surfactant blend. The hydrophilicity
of their core render them superior in solubilization of hydro-
philic drugs inside the core (36). In this study, GA was loaded
within the core of RMLNCs to permit its effective formulation
and utilization in liver fibrosis. The selection of Labrafil oil

Fig. 4 (a) Confocal laser scanning photomicrographs of a normal xy image of different organs treated with Rhodamine B loaded RMLNC. (b) Mean fluorescence
intensity in different organs after treatment with Rhodamine B loaded RMLNC expressed as means ± SEM, n=3. a p<0.05 denotes statistically significant
difference between organs. RMLNC= reverse micelle loaded lipid nanocapsules
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and Kolliphor® RH 40 surfactant in the preparation of RM
was based on their biocompatibility and safety. Labrafil M
1944 CS is a mixture of mono-, di- and triglycerides and
PEG-6 (MW 300) mono- and diesters of oleic acid, whereas,
Kolliphor® RH40 is macrogol glycerol hydroxystearate (27).
Oleate and stearate groups are long chain acyl groups consist-
ing of 18 carbons. This structure similarity reveals an antici-
pated ideal compatibility between Labrafil and Kolliphor®

RH40. Consequently, the surfactant tends to self-organize in
the oily phase to obtain successful RMs. Moreover,
Kolliphor® RH40 is composed of three hydroxystearate
chains, which may lead to the enlargement of the core of
RM, endorsing RM stability and provide large space for high
drug loading (36).

The dominant components of LNC are an oily region of
medium chain triglycerides (Labrafac lipophile WL 1349), a
nonionic hydrophilic amphiphile (Kolliphor® HS 15), in ad-
dition to aqueous solution of sodium chloride (28,57). The use

of sodium chloride in the system is ascribed to its role in low-
ering the PIT, so that the nanocapsules can be formed at lower
temperature with minimal drug degradation (28,58). Besides,
Lipoid S75 surfactant and SA may be used to enhance the
stability of the rigid shell of the formed nanovesicles (59,60).

The formulated GA-RMLNC systems showed miniatur-
ized PS ranging from 30 to 50 nm that may promote their
intracellular uptake and passive translocation to the liver.
Such miniaturized size may enable their residence in the cir-
culation for longer time, thereby, evading reticuloendothelial
system sequestration and facilitating their access to the fenes-
trae in the space of Disse. This is in conformity with former
studies, where the reported optimum PS of NP-based formu-
lations, developed with the aim of HSCs targeting, should be
in the range of ≈100 nm (61–63). The obtained PDI values of
all the prepared systems were below 0.5, thereby indicating
the homogenous dispersion of the system as reported by
Naseef et al. (64).
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ZP values of the formulated nanosystems were measured as
it reflects the total surface charge on the particles and its phys-
ical stability. Higher values indicate high surface charge and
consequently, greater inter-particle repulsion thus preventing
their aggregation and confirming the physical stability of the
preparations (37,48). The observed negative charge with some
of the formulated systems can be attributed to themigration of
some surfactant molecules from the core of the prepared LNC
to its outer corona, in addition to the negative charge
imparted by the choline moiety of Lipoid S75 (36). A statisti-
cally significant shift of the ZP of the formulatedGA-RMLNC

from the negative side to the positive side was observed upon
increasing SA amount due to its cationic nature (65). Despite
the overall low values of ZP in our study, the formulated
RMLNCs were highly stable (up to 9 months storage at
4°C) as observed in the stability study conducted. This high
stability was attributed to the steric stabilization effect of the
high molecular weight Kolliphor® HS forming the outer shell
of nanocapsules (34).

Based on the statistical analysis of the data, the volume
of RM showed significant effects on EE% and Q2h where
increasing the volume of RM in the formulation resulted in
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a significantly higher EE% and lower Q2h. This could be
assigned mainly to the increment in the viscosity of the
system observed while increasing the volume of RM, which
may hinder GA diffusion from the hydrophilic core of RM

to the oily phases of RMs and nanocapsules, then to the
outer aqueous shell surrounding the formulated LNC. This
allows for higher amount of drug entrapment as well as
slower GA release. On the other hand, the statistical
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analysis of the EE% data revealed a significant interaction
between Lipoid S75 concentration and SA amount. The
increment in Lipoid S75 concentrations in the absence of
SA significantly enhanced the EE% due to the formation of
rigid corona around the LNC formed after quenching,
which prevented GA leakage. However, increasing Lipoid
S75 concentration in the presence of SA reduced the EE%
of the formulated RMLNC. This might be correlated to
the electrostatic interaction between them, which will re-
duce the amount of Lipoid S75 molecules available to form
the r ig id outer coa t around the nanocapsu le s .
Subsequently, this may decrease the thickness of the outer
corona allowing for drug leakage.

The in vitro release study of GA was performed at pH 6.8
due to the instability and rapid autooxidation of GA as well as
the formation of degradation products at pH> 7 as previously
discussed by Pinho et al. (66) and Du et al. (67). GA release
from the formulated RMLNC exhibited a 2-phase drug re-
lease profile, an initial rapid release phase within the first 2 h
followed by a slower release phase till 24 h. The fast initial
release might be attributed to the surface-located drug as well
as the miniaturized PS of LNC (30–50 nm) that increased the
surface area of particles and thus fasten GA release (68). On
one hand, the burst GA release might be beneficial in achiev-
ing a rapid high plasma levels in vivo. On the other hand, the
sustained release allows steady GA concentration for longer
period.

The stability study of the optimized GA-RMLNC sug-
gested by Design Expert software revealed non-significant
changes in PS, ZP, PDI after storage up to 9 months at 4 ±
1°C, thus indicating the good physical stability and homoge-
neity of the prepared system with no evidence of coalescence
or aggregations. These properties might be ascribed to the
role of Kolliphor®HS 15 in steric stabilization of the prepared
nanocapsules. In addition, the formulated optimized
RMLNC system preserved its drug loading ability without
any change in its release profile.

In our current study, we assessed the probability of prefer-
ential accumulation of RMLNC in the liver bymonitoring the
biodistribution of the optimized flouro-labeled RMLNC in
the vital organs (liver, spleen, kidneys and lungs) of healthy
rats. Four hours following IV injection of the optimized sys-
tem, intense fluorescence was visualized in the liver in com-
parison with other organs, indicating preferential accumula-
tion of RMLNC in the liver. Slight fluorescence was also ob-
served in the kidneys, which might indicate renal elimination
of RMLNC as previously suggested by Duong et al. (69). As
renal failure is reported to be one of the major complications
in the cirrhotic patients (70); the accumulation of RMLNC in
the kidneys might reflect an additive benefit. Moreover, GA
was demonstrated to possess a protective role against renal
injury in experimental animals via its dual anti-inflammatory
and antioxidant activities (71,72).

In this study, HSC-T6 cell line was employed for the in vitro
assessment of the anti-fibrotic potential of GA-RMLNC via
direct targeting of HSCs. HSC-T6 provides an acceptable
model for elucidating the underlying mechanisms of HSC
activation as well as studying the potential therapeutic inter-
vention (73). In this experiment, the in vitro cytotoxicity assay
indicated that the optimized GA-RMLNC showed concentra-
tion dependent anti-proliferative activities against aHSCs
when compared to GA solution. It’s noteworthy to mention
that, the void RMLNC showed mild anti-proliferative activi-
ties (IC50 = 9.88) on aHSCs when compared to GA-RMLNC,
which could be attributed to the antioxidant potential of the
RMLNC components (Kolliphor® RH40 and Labrafil
RM1944-CS) (74). Furthermore, the safety of GA in its free
or RMLNC forms was investigated on primary isolated hep-
atocytes where no cytotoxic effects was shown even after the
highest subjected concentrations (up to 20 μg/mL). This leads
to the conclusion that the recorded IC50 of void and GA-
RMLNC (IC50 = 9.88 and 1.38 μg/mL, respectively) were
selective to HSC-T6 cells and were within the safety range
on primary hepatocytes.

Results of the cellular uptake study indicated that GA-
RMLNC gained preferential access into aHSCs via promot-
ing their passive translocation. This was evidenced by the
fluorescence imaging of rhodamine B loaded RMLNC after
4 h incubation with aHSCs. The obtained images showed
intense fluorescence intensity indicating its high cellular inter-
nalization. This internalization was further verified via quan-
tifying the amount of GA in cell lysates using HPLC, which
revealed significant higher cellular uptake of GA-RMLNC
system compared to free GA solution. These results might
be ascribed to the miniaturized size of RMLNC and the in-
hibitory effect of Kolliphor® HS 15 on the P-glycoprotein that
facilitated the vesicular uptake by the cells in case of GA-
RMLNC system (75). Consequently, this recorded high intra-
cellular uptake of the optimized RMLNC and the high en-
trapment of GA inside the systemmay be essential for enhanc-
ing the efficiency of GA-RMLNC on aHSCs.

Finally, the mechanisms underlying the antifibrogenic efficacy
of GA-RMLNC versus free GA solution were evaluated with
regard to their effects on HSCs activation, migration, apoptosis
and collagen synthesis. It is reported that upon liver injury,
aHSCs migrate to sites of injury producing huge amounts of
profibrogenic cytokines, growth factors and ECM components
mainly Collagen type I (76). Among the profibrogenic cytokines;
TGF-β1 is considered the most potent one that promotes the
activation of HSCs leading to amplification of α-SMA expres-
sion, a hallmark for HSCs activation, and the accumulation of
ECM proteins in fibrotic livers (73). Our findings revealed that
GA-RMLNC inhibited aHSCs migration toward the sites of
injury accompanied with pronounced down-regulation in the
gene expressions of HSCs activation markers (TGF-β1 and α-
SMA) and COL1A1 synthesis when compared to free GA
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solution. Moreover, GA-RMLNC did not only inhibit the pro-
liferation, activation and migration of aHSCs but also induced
their apoptosis as illustrated by elevation in caspase-3 expression,
which was additionally evidenced by the ability of the optimized
GA-RMLNC to induce nucleus condensation and/or chromatin
degradationmore considerably than freeGA solution as illustrat-
ed by DAPI staining of nuclei.

Interestingly, void RMLNC showed minor inhibition in
the expressions of both activation markers genes and migra-
tion of aHSCs, accompanied with a slight recorded elevation
in the expression of caspase-3. Such observed activities could
probably be related to the reported antioxidant effects of the
components (Kolliphor® RH40 and Labrafil RM1944-CS)
used in the RMLNC formulation (74).

CONCLUSION

In this study, RMLNC proved to be a potential hepatic-specific
NP delivery system for the hydrophilic compound “GA”, where
the optimized nano-size (30.35 ± 2.34 nm), nature of the
RMLNC, efficient GA entrapment (63.95 ± 2.98%w/w) with-
in RMLNC as well as its high intracellular uptake by aHSCs
ensured the efficient delivery of sufficient amount of GA within
aHSCs. The in vivo biodistribution of RMLNC indicated their
selective accumulation in the livers of healthy rats. Moreover,
GA-RMLNC suppressed HSCs activation, proliferation, and
migration as well as collagen type I synthesis accompanied with
an elevation in their apoptosis when compared to free GA
solution. GA-RMLNC showed to be a promising approach
for treatment of hepatic fibrosis, thus opening new gateways
for further in vivo studies to verify the efficacy and safety of the
optimized delivery system.

ACKNOWLEDGMENTS

The authors would like to appreciate the great help and efforts
offered by Assistant lecturer, Mohamed Ahmed Naseef
Soliman (Pharmaceutics and Industrial Pharmacy
Department, Faculty of Pharmacy, Cairo University) in the
formulation procedure and the in vivo evaluation.

COMPLIANCE WITH ETHICAL STANDARDS

Conflict of Interest The authors report no conflict of interest.

REFERENCES

1. Shipley LC, Axley PD, Singal AK. Liver Fibrosis: A Clinical
Update. Hepatology. 2019.

2. Poynard T, Lebray P, Ingiliz P, Varaut A, Varsat B, Ngo Y, et al.
Prevalence of liver fibrosis and risk factors in a general population

using non-invasive biomarkers (FibroTest). BMC Gastroenterol.
2010;10(1):40.

3. Constantinides PP. Lipid microemulsions for improving drug dis-
solution and oral absorption: physical and biopharmaceutical
aspects. Pharm Res. 1995;12(11):1561–72.

4. Bansal R, Nagórniewicz B, Prakash J. Clinical advancements in the
targeted therapies against liver fibrosis. Mediat Inflamm.
2016;2016:1–16.

5. Schon H-T, Bartneck M, Borkham-Kamphorst E, Nattermann J,
Lammers T, Tacke F, et al. Pharmacological intervention in hepat-
ic stellate cell activation and hepatic fibrosis. Front Pharmacol.
2016;7:33.

6. Kisseleva T. The origin of fibrogenic myofibroblasts in fibrotic liv-
er. HEPATOLOGY. 2017;65(3):1039–43.

7. El-Mezayen NS, El-Hadidy WF, El-Refaie WM, Shalaby TI,
KhattabMM, El-Khatib AS. Hepatic stellate cell-targeted imatinib
nanomedicine versus conventional imatinib: a novel strategy with
potent efficacy in experimental liver fibrosis. J Control Release.
2017;266:226–37.

8. Yu K, Li N, Cheng Q, Zheng J, Zhu M, Bao S, et al. miR-96-5p
prevents hepatic stellate cell activation by inhibiting autophagy via
ATG7. J Mol Med. 2018;96(1):65–74.

9. Yoon YJ, Friedman SL, Lee YA, editors. Antifibrotic therapies:
where are we now? Seminars in liver disease: Thieme Medical
Publishers; 2016.

10. Iwakiri Y, Shah V, Rockey DC. Vascular pathobiology in chronic
liver disease and cirrhosis–current status and future directions. J
Hepatol. 2014;61(4):912–24.

11. DeLeve LD. Liver sinusoidal endothelial cells in hepatic fibrosis.
HEPATOLOGY. 2015;61(5):1740–6.

12. Chen Z, Jain A, Liu H, Zhao Z, Cheng K. Targeted drug delivery
to hepatic stellate cells for the treatment of liver fibrosis. J
Pharmacol Exp Ther. 2019;370(3):695–702.

13. Abdou EM, Masoud MM. Gallic acid–PAMAM and gallic acid–
phospholipid conjugates, physicochemical characterization and
in vivo evaluation. Pharm Dev Technol. 2018;23(1):55–66.

14. KaurM,Velmurugan B, Rajamanickam S, Agarwal R, Agarwal C.
Gallic acid, an active constituent of grape seed extract, exhibits anti-
proliferative, pro-apoptotic and anti-tumorigenic effects against
prostate carcinoma xenograft growth in nude mice. Pharm Res.
2009;26(9):2133–40.

15. KimY-J. Antimelanogenic and antioxidant properties of gallic acid.
Biol Pharm Bull. 2007;30(6):1052–5.

16. Liu KY, Hu S, Chan BC, Wat EC, Lau C, Hon KL, et al. Anti-
inflammatory and anti-allergic activities of Pentaherb formula,
Moutan cortex (Danpi) and gallic acid. Molecules. 2013;18(3):
2483–500.

17. Faried A, Kurnia D, Faried L, Usman N, Miyazaki T, Kato H,
et al. Anticancer effects of gallic acid isolated from Indonesian herb-
al medicine, Phaleria macrocarpa (Scheff.) Boerl, on human cancer
cell lines. Int J Oncol. 2007;30(3):605–13.

18. El-Lakkany NM, El-MaadawyWH, SHS E-d, Saleh S, Safar MM,
Ezzat SM, et al. Antifibrotic effects of gallic acid on hepatic stellate
cells: in vitro and in vivo mechanistic study. J Tradit Complement
Med. 2019;9(1):45–53.

19. Sourani Z, Pourgheysari B, Beshkar P, Shirzad H, Shirzad M.
Gallic acid inhibits proliferation and induces apoptosis in lympho-
blastic leukemia cell line (C121). Iranian journal of medical scien-
ces. 2016;41(6):525.

20. SunG, Zhang S,Xie Y, Zhang Z, ZhaoW.Gallic acid as a selective
anticancer agent that induces apoptosis in SMMC-7721 human
hepatocellular carcinoma cells. Oncol Lett. 2016;11(1):150–8.

21. Chen G, Roy I, Yang C, Prasad PN. Nanochemistry and nano-
medicine for nanoparticle-based diagnostics and therapy. Chem
Rev. 2016;116(5):2826–85.

Pharm Res          (2020) 37:180 Page 15 of 17   180 



22. Fan Q-Q, Zhang C-L, Qiao J-B, Cui P-F, Xing L, Oh Y-K, et al.
Extracellular matrix-penetrating nanodrill micelles for liver fibrosis
therapy. Biomaterials. 2020;230:119616.

23. Levada K, Omelyanchik A, Rodionova V, Weiskirchen R,
Bartneck M. Magnetic-assisted treatment of liver fibrosis. Cells.
2019;8(10):1279.

24. Heneweer C, Gendy SE, Peñate-Medina O. Liposomes and inor-
ganic nanoparticles for drug delivery and cancer imaging. Ther
Deliv. 2012;3(5):645–56.

25. Hassan R, Tammam SN, El Safy S, Abdel-Halim M,
Asimakopoulou A, Weiskirchen R, et al. Prevention of hepatic
stellate cell activation using JQ1-and atorvastatin-loaded chitosan
nanoparticles as a promising approach in therapy of liver fibrosis.
Eur J Pharm Biopharm. 2019;134:96–106.

26. Heurtault B, Saulnier P, Pech B, Proust J-E, Benoit J-P. A novel
phase inversion-based process for the preparation of lipid nanocar-
riers. Pharm Res. 2002;19(6):875–80.

27. Groo A-C, Matougui N, Umerska A, Saulnier P. Reverse micelle-
lipid nanocapsules: a novel strategy for drug delivery of the plectasin
derivate AP138 antimicrobial peptide. Int J Nanomedicine.
2018;13:7565–74.

28. Huynh NT, Passirani C, Saulnier P, Benoît J-P. Lipid nanocap-
sules: a new platform for nanomedicine. Int J Pharm.
2009;379(2):201–9.

29. Movassaghian S, Merkel OM, Torchilin VP. Applications of poly-
mer micelles for imaging and drug delivery. Wiley Interdisciplinary
Reviews: Nanomedicine and Nanobiotechnology. 2015;7(5):691–
707.

30. Allard E, Huynh NT, Vessieres A, Pigeon P, Jaouen G, Benoit J-P,
et al. Dose effect activity of ferrocifen-loaded lipid nanocapsules on
a 9L-glioma model. Int J Pharm. 2009;379(2):317–23.

31. Lamprecht A, Saumet J-L, Roux J, Benoit J-P. Lipid nanocarriers
as drug delivery system for ibuprofen in pain treatment. Int J
Pharm. 2004;278(2):407–14.

32. Alves ACS, Mainardes RM, Khalil NM. Nanoencapsulation of
gallic acid and evaluation of its cytotoxicity and antioxidant activity.
Mater Sci Eng C. 2016;60:126–34.

33. Anton N, Mojzisova H, Porcher E, Benoit J-P, Saulnier P. Reverse
micelle-loaded lipid nano-emulsions: new technology for nano-
encapsulation of hydrophilic materials. Int J Pharm. 2010;398(1–
2):204–9.

34. Vrignaud S, Anton N, Gayet P, Benoit J-P, Saulnier P. Reverse
micelle-loaded lipid nanocarriers: a novel drug delivery system for
the sustained release of doxorubicin hydrochloride. Eur J Pharm
Biopharm. 2011;79(1):197–204.

35. Montigaud Y,Ucakar B, Krishnamachary B, Bhujwalla ZM, Feron
O, Préat V, et al. Optimized acriflavine-loaded lipid nanocapsules
as a safe and effective delivery system to treat breast cancer. Int J
Pharm. 2018;551(1–2):322–8.

36. Vrignaud S, Hureaux J, Wack S, Benoit J-P, Saulnier P. Design,
optimization and in vitro evaluation of reverse micelle-loaded lipid
nanocarriers containing erlotinib hydrochloride. Int J Pharm.
2012;436(1–2):194–200.

37. Abdelbary AA, AbouGhaly MH. Design and optimization of top-
ical methotrexate loaded niosomes for enhanced management of
psoriasis: application of box–Behnken design, in-vitro evaluation
and in-vivo skin deposition study. Int J Pharm. 2015;485(1–2):
235–43.

38. Chaudhary H, Kohli K, Kumar V. Nano-transfersomes as a novel
carrier for transdermal delivery. Int J Pharm. 2013;454(1):367–80.

39. Radwan SAA, ElMeshad AN, Shoukri RA. Microemulsion loaded
hydrogel as a promising vehicle for dermal delivery of the antifungal
sertaconazole: design, optimization and ex vivo evaluation. Drug
Dev Ind Pharm. 2017;43(8):1351–65.

40. Fernandes FHA, Salgado HRN. Gallic acid: review of the methods
of determination and quantification. Crit Rev Anal Chem.
2016;46(3):257–65.

41. Rashidi L, Vasheghani-Farahani E, Soleimani M, Atashi A,
Rostami K, Gangi F, et al. A cellular uptake and cytotoxicity prop-
erties study of gallic acid-loaded mesoporous silica nanoparticles on
Caco-2 cells. J Nanopart Res. 2014;16(3):2285.

42. Pathan IK, Patel RK, Bhandari A. Standardization development
and validation of spectrophotometric method for simultaneous es-
timation of embelin and gallic acid as individual and in combina-
tion in ayurvedic churna formulation. Asian journal of pharmaceu-
tical and clinical research. 2013;6(5):170–5.

43. Patil AG, Jobanputra AH. Formulation, characterization and eval-
uation of a Thermoresponsive in situ gel containing Gallic acid-
loaded chitosan nanoparticles for the treatment of periodontal dis-
ease. Journal of Bionanoscience. 2015;9(5):401–8.

44. Abdel-Hafez SM, Hathout RM, Sammour OA. Towards better
modeling of chitosan nanoparticles production: screening different
factors and comparing two experimental designs. Int J Biol
Macromol. 2014;64:334–40.

45. Mehta DM, Dave DJ, Dadhaniya DV, Shelat PK, Parejiya PB,
Barot BS. Application of Box-Behnken design to formulate and
optimize multipolymeric fast dissolving film of rizatriptan benzoate.
Asian Journal of Pharmaceutics. 2014;8(1).

46. Gajra B, Dalwadi C, Patel R. Formulation and optimization of
itraconazole polymeric lipid hybrid nanoparticles (Lipomer) using
box behnken design. DARU Journal of Pharmaceutical Sciences.
2015;23(1):3.

47. Tayel SA, El-Nabarawi MA, Tadros MI, Abd-Elsalam WH.
Promising ion-sensitive in situ ocular nanoemulsion gels of terbina-
fine hydrochloride: design, in vitro characterization and in vivo
estimation of the ocular irritation and drug pharmacokinetics in
the aqueous humor of rabbits. Int J Pharm. 2013;443(1–2):293–
305.

48. Boseila AA, Abdel-Reheem AY, Basalious EB. Design of bile-based
vesicles (BBVs) for hepatocytes specific delivery of Daclatasvir:
Comparison of ex-vivo transenterocytic transport, in-vitro protein
adsorption resistance and HepG2 cellular uptake of charged and β-
sitosterol decorated vesicles. PloS one. 2019;14((7)).

49. Shen L, Hillebrand A, Wang DQ-H, Liu M. Isolation and primary
culture of rat hepatic cells. JoVE. Journal of Visualized
Experiments. 2012;64:e3917.

50. Vichai V, Kirtikara K. Sulforhodamine B colorimetric assay for
cytotoxicity screening. Nat Protoc. 2006;1(3):1112–6.

51. Kardani K, Gurav N, Solanki B, Patel P, Patel B. RP-HPLCmeth-
od development and validation of gallic acid in polyherbal tablet
formulation. Journal of Applied Pharmaceutical Science. 2013;3(5):
37.

52. Giannitrapani L, Soresi M, Bondì ML, Montalto G, Cervello M.
Nanotechnology applications for the therapy of liver fibrosis.World
J Gastroenterol: WJG. 2014;20(23):7242–51.

53. Surendran SP, Thomas RG, Moon MJ, Jeong YY. Nanoparticles
for the treatment of liver fibrosis. Int J Nanomedicine. 2017;12:
6997–7006.

54. Higuchi Y, Kawakami S, Fumoto S, Yamashita F, Hashida M.
Effect of the particle size of galactosylated lipoplex on hepatocyte-
selective gene transfection after intraportal administration. Biol
Pharm Bull. 2006;29(7):1521–3.

55. Petros RA, DeSimone JM. Strategies in the design of nanoparticles
for therapeutic applications. Nat Rev Drug Discov. 2010;9(8):615–
27.

56. Tiram G, Scomparin A, Ofek P, Satchi-Fainaro R. Interfering can-
cer with polymeric siRNA nanomedicines. J Biomed Nanotechnol.
2014;10(1):50–66.

57. Hureaux J, Lagarce F, Gagnadoux F, Rousselet M-C, Moal V,
Urban T, et al. Toxicological study and efficacy of blank and

  180 Page 16 of 17 Pharm Res          (2020) 37:180 



paclitaxel-loaded lipid nanocapsules after iv administration in mice.
Pharm Res. 2010;27(3):421–30.

58. Anton N, Saulnier P, Beduneau A, Benoit J-P. Salting-out effect
induced by temperature cycling on a water/nonionic surfactant/oil
system. J Phys Chem B. 2007;111(14):3651–7.

59. Minkov I, Ivanova T, Panaiotov I, Proust J, Saulnier P.
Reorganization of lipid nanocapsules at air–water interface: part
2. Properties of the formed surface film. Colloids Surf B:
Biointerfaces. 2005;44(4):197–203.

60. Manjunath K, Venkateswarlu V. Pharmacokinetics, tissue distribu-
tion and bioavailability of clozapine solid lipid nanoparticles after
intravenous and intraduodenal administration. J Control Release.
2005;107(2):215–28.

61. Li F, Li Q-H, Wang J-Y, Zhan C-Y, Xie C, Lu W-Y. Effects of
interferon-gamma liposomes targeted to platelet-derived growth
factor receptor–beta on hepatic fibrosis in rats. J Control Release.
2012;159(2):261–70.

62. Yang J, Hou Y, Ji G, Song Z, Liu Y, Dai G, et al. Targeted delivery
of the RGD-labeled biodegradable polymersomes loaded with the
hydrophilic drug oxymatrine on cultured hepatic stellate cells and
liver fibrosis in rats. Eur J Pharm Sci. 2014;52:180–90.

63. Adrian JE, Kamps JA, Scherphof GL, Meijer DK, Reker-Smit C,
Terpstra P, et al. A novel lipid-based drug carrier targeted to the
non-parenchymal cells, including hepatic stellate cells, in the fibrot-
ic livers of bile duct ligated rats. Biochimica et Biophysica Acta
(BBA)-Biomembranes. 2007;1768(6):1430–1439.

64. Naseef MA, Ibrahim HK, Nour SAE-K. Solid form of lipid-based
self-nanoemulsifying drug delivery systems for minimization of
diacerein adverse effects: development and bioequivalence evalua-
tion in albino rabbits. AAPS PharmSciTech. 2018;19(7):3097–109.

65. Pardeshi CV, Belgamwar VS, Tekade AR, Surana SJ. Novel sur-
face modified polymer–lipid hybrid nanoparticles as intranasal car-
riers for ropinirole hydrochloride: in vitro, ex vivo and in vivo phar-
macodynamic evaluation. J Mater Sci Mater Med. 2013;24(9):
2101–15.

66. Pinho E, Soares G, Henriques M. Cyclodextrin modulation of gal-
lic acid in vitro antibacterial activity. J Incl Phenom Macrocycl
Chem. 2015;81(1–2):205–14.

67. Du Y, ChenH, Zhang Y, Chang Y. Photodegradation of gallic acid
under UV irradiation: insights regarding the pH effect on direct
photolysis and the ROS oxidation-sensitized process of DOM.
Chemosphere. 2014;99:254–60.

68. Abozaid D, Ramadan A, Barakat H, Khalafallah N. Acyclovir lipid
nanocapsules gel for oromucosal delivery: a preclinical evidence of
efficacy in the chicken pouch membrane model. Eur J Pharm Sci.
2018;121:228–35.

69. DuongHT, Dong Z, Su L, Boyer C, George J, Davis TP, et al. The
use of nanoparticles to deliver nitric oxide to hepatic stellate cells for
treating liver fibrosis and portal hypertension. Small. 2015;11(19):
2291–304.

70. Cárdenas A. Hepatorenal syndrome: a dreaded complication of
end-stage liver disease. Am J Gastroenterol. 2005;100(2):460–7.

71. Ghaznavi H, Fatemi I, Kalantari H, Hosseini Tabatabaei SMT,
Mehrabani M, Gholamine B, et al. Ameliorative effects of gallic
acid on gentamicin-induced nephrotoxicity in rats. J Asian Nat
Prod Res. 2018;20(12):1182–93.

72. Asci H, Ozmen O, Ellidag HY, Aydin B, Bas E, Yilmaz N. The
impact of gallic acid on the methotrexate-induced kidney damage
in rats journal of food and drug analysis 2017;25(4):890–897.

73. Tacke F, Weiskirchen R. Update on hepatic stellate cells: patho-
genic role in liver fibrosis and novel isolation techniques. Expert
review of gastroenterology & hepatology. 2012;6(1):67–80.

74. Alzorqi I, Ketabchi MR, Sudheer S, Manickam S. Optimization of
ultrasound induced emulsification on the formulation of palm-olein
based nanoemulsions for the incorporation of antioxidant β-d-
glucan polysaccharides. Ultrason Sonochem. 2016;31:71–84.

75. Lamprecht A, Benoit J-P. Etoposide nanocarriers suppress glioma
cell growth by intracellular drug delivery and simultaneous P-
glycoprotein inhibition. J Control Release. 2006;112(2):208–13.

76. Greuter T, Shah VH. Hepatic sinusoids in liver injury, inflamma-
tion, and fibrosis: new pathophysiological insights. J Gastroenterol.
2016;51(6):511–9.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Pharm Res          (2020) 37:180 Page 17 of 17   180 


	Impact...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and Methods
	Materials
	Methods
	Study Design
	Formulation of GA Loaded RM
	Preparation of GA-RMLNC
	Characterization of the Prepared GA-RMLNC
	Determination of PS, PDI and ZP of the Prepared Formulations
	Determination of Drug Content and EE%
	In�Vitro Drug Release Profile
	Characterization of the Optimized GA-RMLNC
	In�Vitro Activity and In�Vivo Bio-Distribution Testing



	Results
	Characterization of the Prepared GA-RMLNC
	PS, PDI and ZP
	Entrapment Efficiency (EE%)
	In�Vitro Drug Release

	Checkpoint Analysis and Model Validation
	Statistical Design Optimization
	Characterization of the Optimized GA-RMLNC

	Discussion
	Conclusion
	References


