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Purpose: Zein/phospholipid composite nanoparticles (CNPs) were developed as a delivery 
platform for gallic acid (GA), a polyphenolic compound with reported preclinical antifibrotic 
activities. However, the therapeutic applicability of GA is hampered owing to its low 
bioavailability and rapid clearance. Accordingly, we developed GA-loaded CNPs. The effect 
of their size, surface charge and targeting strategies was investigated and optimized, with the 
aim of enhancing their ability to deliver GA to the activated hepatic stellate cells (aHSCs) in 
order to suppress hepatic fibrosis progression.
Methods: Different CNP systems were prepared and characterized with regard to their particle 
size, zeta potential, and GA entrapment efficiency (EE%). Also, they were statistically optimized 
via response surface methodology. The optimized systems were investigated with regard to their 
in vitro GA release, in vitro efficacy on aHSCs, and in vivo biodistribution in healthy rats.
Results: The GA-loaded cationic CNPs coupled with vitamin A (GA-CACNP/VA; 192 nm) 
showed high GA EE% (60% w/w), highest cellular internalization via active targeting, and 
more selective hepatic distribution, relative to free GA solution, GA-loaded anionic, and GA- 
loaded cationic systems. Furthermore, GA-CACNP/VA markedly triggered the apoptosis of 
aHSCs, repressed collagen deposition, and inhibited HSCs’ activation to a lesser extent.
Conclusion: The GA-CACNP/VA was shown to be a promising candidate for specific and 
controlled delivery of GA to aHSCs, which may provide an effective antifibrotic therapeutic 
approach.
Keywords: zein, phospholipids, gallic acid, hepatic fibrosis, hepatic stellate cells, vitamin A

Introduction
Hepatic fibrosis is a life-threatening condition, which results from all types of 
chronic hepatic disorders. It may develop into hepatic cirrhosis and hepatocellular 
carcinoma if not controlled, which contributes to the high global morbidity and 
mortality rates.1 Hepatic stellate cells (HSCs) are considered crucial in the patho-
genesis of hepatic fibrosis.2 Upon liver injuries, HSCs are transformed from their 
quiescent state to an activated state, where they turn into highly proliferative and 
contractile myofibroblasts. When liver injuries persist, activated HSCs (aHSCs) 
produce excessive amounts of cytokines, chemokines, and extracellular matrix 
(ECM) proteins, especially type I collagen, which ultimately promote the progres-
sion of hepatic fibrosis.2
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Although the mechanistic pathways underlying the 
progression of liver fibrosis are well known, no drugs are 
approved yet as effective antifibrotic agents.3,4 Recently, 
nanotechnology has emerged as a powerful and promising 
tool in drug delivery, which has proven to overcome the 
physiological absorption barriers. Nanoparticles (NPs) can 
protect entrapped moieties from physiological metabolic 
processes, thus, allowing higher bioavailability of the 
drugs, and can extend the formulation survival inside the 
body, which allows a longer duration of drug exposure.5,6 

NPs have also shown to be effective carriers for the 
delivery of antifibrotic drugs to the liver.7,8 In recent 
years, HSC-targeted nanodrug-delivery systems have 
attracted research attention owing to their potential appli-
cations in liver fibrosis therapy.9,10 However, their appli-
cations face many challenges with regard to their potential 
toxicity to parenchymal cells,3 insufficient concentration at 
the target site, as well as the reduction of the hepatic blood 
flow, which can compromise the drug uptake into the 
liver.10 The size range of NPs (<200 nm) is considered a 
key factor that aids their translocation into the fibrotic 
liver, with the reduced fenestrae formation and diameter, 
and to escape their capture and elimination by reticuloen-
dothelial system.11,12

Gallic acid (3, 4, 5-trihydroxybenzoic acid, GA), is one 
of the abundant natural phenolic acids in human diets,13 

which possesses a broad range of biological activities, 
including antioxidant, anti-inflammatory, antimutagenic, 
and anticancer properties.14,15 Furthermore, GA has 
shown promising antifibrotic activity in vitro16 and in 
experimental animals15–17 owing to its robust antioxidant 
and anti-inflammatory properties,15 in addition to its abil-
ity to suppress the activation16,17 and induce apoptosis of 
aHSCs.16 However, its efficacy and therapeutic applicabil-
ity are hindered by its low bioavailability as it is poorly 
absorbed and subjected to extensive metabolism with rapid 
clearance, which results in low plasma concentration.18 

Additionally, its high hydrophilicity (high aqueous solubi-
lity of about 10 mg/mL and log P = −0.53) limits its 
successful encapsulation in different nanosystems.19 

Various approaches have been employed to overcome the 
pharmacokinetics problems and enhance the bioavailabil-
ity and antioxidant potential of GA.20,21 Thus, the success-
ful formulation of nanosized GA-loaded NPs with high 
encapsulation efficiency could be a promising approach to 
enhance its bioavailability and improve its liver-targeting 
behavior.

Zein is a natural biodegradable hydrophobic protein 
obtained from corn with a molecular weight of about 40 
kDa.12,22 Its relatively high hydrophobicity contributes to 
its conformation into spherical colloidal NPs via antisol-
vent precipitation techniques, thus, allowing ideal delivery 
for both hydrophilic and lipophilic drugs.12,23–26 To mod-
ulate the functionality, drug encapsulation efficiency, and 
physical stability of zein-based NPs, zein/phospholipid 
composite NPs were fabricated by Dai et al.27 These NPs 
are composed of biopolymer phospholipid shell and zein 
core forming a core–shell structure.

Herein, we took an objective approach to develop and 
investigate the potential applicability of different zein/ 
phospholipid composite NPs (CNPs) as effective delivery 
platforms for GA into aHSCs. So, anionic CNPs, cationic 
CNPs, and vitamin A (VA) coupled cationic CNPs loaded 
with GA were prepared and characterized, with regard to 
their particle size (PS), zeta potential (ZP), and gallic acid 
encapsulation efficiency (GA-EE%). The GA-loaded 
CNPs were then evaluated and compared based on the 
effect of their size, surface charge, GA-release profile 
from each system, and targeting approach, where surface 
decoration of the cationic nanosystem with VA was per-
formed to impart an active targeting ability. In addition, 
the safety of each system and their in vitro efficacy on 
aHSCs were investigated and compared by elucidating 
their underlying mechanisms, as well as their in vivo 
biodistribution in healthy rats.

Materials and Methods
Materials
GA powder, L-α-Phosphatidylcholine from egg yolk 
(60%, TLC), Zein, Didodecyldimethylammonium bromide 
(98%) (DDAB), Stearylamine (SA), Sulphorhodamine B 
(SRB) dye, Rhodamine B dye, retinoic acid (vitamin A; 
VA), Triton-X100, trypan blue, trichloroacetic acid, 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), fetal 
bovine serum (FBS), penicillin/streptomycin, and phos-
phate buffer saline (PBS) were purchased from GIBCO, 
NY, USA. Recombinant transforming growth factor 
(TGF)-β1 and 4ʹ,6-diamidino-2-phenylindole (DAPI) 
fluorescent dye were purchased from Cell Signaling 
Technology, MA, USA. Rat tail type I collagen tissue 
culture plates were purchased from Greiner Bio-One 
GmbH, Frickenhausen, Germany. Ethanol 96% was 
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obtained from Piochem, Giza, Egypt. Dimethyl sulfoxide 
(DMSO) was purchased from Oxford Lab Chem, Mumbai, 
India. Sucrose, Potassium dihydrogen phosphate 
(KH2PO4), and Disodium hydrogen phosphate 
(Na2HPO4) were purchased from El-Nasr Pharmaceutical 
Chemicals, Cairo, Egypt.

Methods
Preparation of GA-Loaded Anionic Zein/ 
Phospholipid CNPs (GA-ANCNPs)
GA-ANCNPs dispersions were prepared via the ethanol- 
injection technique.27 GA, zein, and phospholipid were 
dissolved in ethanol (90% v/v, 60°C) and injected drop-
wise into an aqueous phase (60°C) while stirring with a 
magnetic stirrer (Wisd Wisestir MSH 20-D, Witeg, 
Germany) at 600 rpm and 60°C. The volume ratio of the 
aqueous phase to the organic phase was 2:5. The ethanol 
was allowed to evaporate by stirring for 1 h at 60°C. 
Finally, the dispersion was homogenized (Silent Crusher 
Homogenizer; Heidolph, Germany) at 75,000 rpm for a 
specified time, according to the experimental design.

Statistical Design 
Three level-three factor Box–Behnken design (Table 1) 
was employed to study the effect of the independent for-
mulation variables namely; drug loading (X1), homogeni-
zation time (X2), and phospholipid to zein ratio (X3) on 
the CNPs properties. The studied dependent responses 
were particle size (PS; Y1), polydispersity index (PDI; 
Y2), zeta potential (ZP; Y3), and entrapment efficiency 
percentage (EE%; Y4). The construction and investigation 

of the experimental design were executed using the Design 
Expert software (Version 7, Stat-Ease Inc., MN, USA).

Seventeen formulation systems were suggested by the 
design; 12 runs disclosed the mid-point of each edge of the 
3D cube, and the center point of the cube was repeated five 
times, as shown in Table 2. The results of the dependent 
responses were analyzed and optimized to obtain a system 
with the highest desirability. The optimization criteria 
were set to produce CNPs with the highest ZP, lowest PS 
and PDI, and maximum EE% to ensure the good physical 
stability of the dispersion, high penetration of the liver 
sinusoidal fenestrations, and high therapeutic efficiency, 
respectively.

Preparation of GA-Loaded Cationic Zein/ 
Phospholipid CNPs (GA-CACNPs)
The most desirable system obtained from the first design 
was prepared, as previously mentioned with some 
modifications.28,29 Different amounts of positive charge 
inducers (SA or DDAB) were added to the ethanolic 
solution. The resultant turbid dispersion after injecting 
the ethanolic solution to water was subjected to intermit-
tent sonication (5 s on and 5 s off) using a probe sonicator 
(ChromTech Model UP-500, 220V). Finally, the disper-
sion was left to evaporate the ethanol and then, homoge-
nized as before.

Statistical Design 
The D-optimal statistical design was employed to investi-
gate the influence of the independent variables (the type 
(X1) and amount (X2) of positive charge inducers (SA or 
DDAB), and sonication time (X3)) on the dependent vari-
ables (PS (Y1), PDI (Y2), ZP (Y3) and EE% (Y4)). The 
independent and dependent variable levels and constraints 
are presented in Table 3.

The statistical design suggested 19 different systems, 
as listed in Table 4. The statistical analysis of the depen-
dent variables and the system optimization were per-
formed using the Design Expert 7.0.0 program. The 
optimized CACNP system with the lowest PS and PDI 
and highest ZP and EE% was suggested by the software.

Coupling of the Optimized CACNP System with VA 
(GA-CACNP/VA)
Herein, VA was dissolved in DMSO and added to the 
optimized CACNP system.11,30–33 The ratio of the 
amounts of the optimized positive charged inducer to the 
VA was 2:1. The dispersion was thoroughly mixed using a 
Vortex mixer (JULABO Labortechnik, Germany) for 1 

Table 1 Levels of the Independent Variables in Box-Behnken 
Statistical Design and the Optimization Criteria of the 
Dependent Variables

Factors (Independent Variables) Levels of Variables

Low Medium High

X1: effect of drug loading 5 mg 12.5 mg 20 mg
X2: homogenization time 1 min 1.5 min 2 min

X3: ratio between phospholipid and 

zein

2:1 3:1 4:1

Responses (dependent variables) Constraints

Y1: PS Minimum

Y2: PDI Minimum

Y3: ZP Maximum in terms of 
absolute value

Y4: EE% Maximum
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min and left to equilibrate overnight. The free VA was 
removed using centrisart 2.5 mL concentrator 20,000 
MWCO via centrifugation at 15,000 rpm for 10 min at 
10°C using an ultra-cooling Centrifuge (Sigma 3–30KS, 
Germany). The trapped materials in the filter were recon-
stituted with water to get the desired dose.28

Characterization of GA-CNPs
Determination of PS, PDI and ZP 
The PS and PDI of all systems were determined at 90º scatter-
ing angle using Malvern Zetasizer (ver.6.20, Malvern 

Instruments Ltd., Worcestershire, England). Whereas, the ZP 
was measured using a laser Doppler anemometer coupled with 
the same instrument at a potential of ±150 mV. All measure-
ments were performed in triplicate at room temperature (30ºC) 
after 100 fold dilution with double distilled water.34

Determination of Drug Content and Entrapment Efficiency 
Percentage (EE%) 
To measure the total drug content of the GA-CNPs, 0.1 
mL of the NPs was dissolved in ethanol (96% v/v) for 
complete lysis of the formulated NPs.35 The GA con-
centration was determined using a UV-spectrophot-
ometer (Shimadzu, UV-1601 PC, Japan) at λmax of 272 
nm.36,37 Moreover, the EE% was calculated after sub-
jecting the dispersion to centrifugation using an ultra- 
cooling centrifuge at 22,000 rpm for 1 h at 4°C. The 
clear supernatant solution was separated and properly 
diluted with ethanol. The free unentrapped GA was 
spectrophotometrically detected at the same wavelength. 
The drug content and EE% were calculated using the 
following equations:38

Drug content ¼ Absorbance x PC x df x volume
of dispersion

(1) 

where PC indicates the procedural constant and df reflects 
the dilution factor

Table 2 Different Runs’ Composition Corresponding to Box-Behnken Design with Their Resultant Dependent Variables (n=3)

Run Phospholipid: 
Zein Ratio

Homogenization 
Time (min)

Drug 
Loading 
(mg)

Mean PS ± 
SD (nm)

Mean PDI 
± SD

Mean ZP ± 
SD (mV)

Mean EE ± SD 
(% w/w)

BB1 3:1 1.5 12.5 301.35±3.75 0.25±0.01 −20.15±0.21 49.00±2.82

BB2 4:1 1 12.5 305.55±5.02 0.22±0.03 −26.90±0.10 54.30±2.12
BB3 4:1 1.5 5 281.60±4.52 0.20±0.01 −27.60±1.13 64.50±1.27

BB4 3:1 1.5 12.5 302.70±3.53 0.20±0.01 −23.80±0.70 42.80±2.26

BB5 3:1 1 20 293.90±4.38 0.16±0.01 −21.75±0.21 42.40±7.63
BB6 2:1 1.5 5 290.95±8.13 0.19±0.01 −25.25±0.49 48.10±1.41

BB7 4:1 1.5 20 282.20±10.18 0.17±0.01 −23.40±0.28 49.10±4.66
BB8 2:1 2 12.5 279.95±3.74 0.16±0.01 −16.65±0.49 38.70±2.26

BB9 2:1 1 12.5 303.50±4.24 0.21±0.01 −20.70±1.13 44.00±1.27

BB10 3:1 1 5 294.65±1.48 0.18±0.02 −26.25±0.21 59.70±2.40
BB11 3:1 2 20 269.75±7.71 0.18±0.01 −19.05±0.49 45.50±2.12

BB12 3:1 1.5 12.5 302.00±0.84 0.21±0.01 −23.35±0.91 44.40±0.84

BB13 3:1 2 5 301.05±7.42 0.18±0.02 −27.35±0.91 49.50±2.54
BB14 3:1 1.5 12.5 276.35±3.63 0.17±0.02 −22.25±0.49 50.70±7.35

BB15 3:1 1.5 12.5 313.25±0.49 0.22±0.02 −22.80±0.56 47.00±3.53

BB16 4:1 2 12.5 290.85±1.62 0.21±0.02 −24.25±0.70 48.00±2.82
BB17 2:1 1.5 20 290.45±6.43 0.20±0.02 −15.75±1.34 38.30±2.12

Table 3 Levels of the Independent Variables in D-Optimal 
Statistical Design and the Optimization Criteria of the 
Dependent Variables

Factors (Independent Variables) Levels of Variables

Low Level High Level

X1: type of positive charge inducers SA DDAB

X2: amount of positive charge inducers 5 mg 30 mg

X3: sonication time 60 s 240 s

Responses (dependent variables) Constraints

Y1: PS Minimum

Y2: PDI Minimum
Y3: ZP Maximum in terms of 

absolute value

Y4: EE% Maximum
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EE% ¼
Total drug content � free drug

Total drug content

� �

x 100% (2) 

The spectrophotometric assay was validated, according to 
a preconstructed calibration curve (concentration range = 
1–16 μg/mL, coefficient R2 = 0.999, the lower limit of 
quantification (LOQ) = 1 µg/mL, and n=3). The recorded 
inter- and intra-day precision, expressed as percentage 
relative standard deviations (%RSD), were in the range 
of 1.03% to 6.48% and 1.10% to 4.29%, respectively. 
Meanwhile, the inter- and intra-day accuracy, expressed 
as recovery percentage, were in the range of 96.81% to 
98.19% and 94.56% to 98.14%, respectively.

Characterization of the Optimized GA-ANCNP, GA- 
CACNP, and GA-CACNP/VA Systems
PS, PDI, ZP, and EE% Determination 
The optimized GA-ANCNP, GA-CACNP, and GA- 
CACNP/VA systems were evaluated with regard to PS, 
PDI, ZP, and EE%, as previously mentioned.

Determination of VA Coupling Efficiency of GA-CACNP/ 
VA 
The GA-CACNP/VA dispersion was centrifuged (4°C) 
at 22,000 rpm for 1 h. The free uncoupled VA 
was determined via spectrophotometry at λmax of 327 

nm39 after appropriate dilution of the supernatant 
solution. The coupling efficiency was calculated as 
follows:28

Coupling
Efficiency% ¼

Total VA content � free VA
Total VA content

� �

x 100

(2) 

The spectrophotometric method was validated, according 
to a preconstructed calibration curve (concentration range 
= 1–8 μg/mL, coefficient R2 = 0.999, LOQ = 1 µg/mL, and 
n=3). The recorded inter- and intra-day %RSD were in the 
range of 2.99% to 4.04% and 1.85% to 3.77%, respec-
tively. Meanwhile, the inter- and intra-day recovery per-
centage were in the range of 98.69% to 107.09% and 
101.31% to 108.27%, respectively.

Transmission Electron Microscopy (TEM) 
The morphologies of the optimized and VA coupled sys-
tems were 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 a 
drop of phosphotungstic acid (2% w/v). The sample was 
left to dry and the excess reagent was removed using filter 
paper. Finally, the grid was examined using TEM at 80 
kV.34

Table 4 Different Runs’ Composition Corresponding to D-Optimal Design with Their Resultant Dependent Variables (n=3)

Run Amount of Positive 
Charge Inducer (mg)

Type of Positive 
Charge Inducer

Sonication 
Time (s)

Mean PS ± 
SD (nm)

Mean 
PDI ± 
SD

Mean ZP ± 
SD (mV)

Mean EE ± 
SD (% w/w)

DO1 5 SA 150 212.90±1.69 0.23±0.01 33.60±0.42 42.30±0.56

DO2 15.62 DDAB 60 180.70±1.41 0.22±0.02 40.05±3.04 32.30±2.96
DO3 5 DDAB 163.38 183.70±2.82 0.19±0.02 20.35±0.49 37.30±3.11

DO4 30 SA 240 182.10±1.83 0.30±0.04 30.40±0.28 47.90±2.96

DO5 17.5 SA 60 167.50±1.41 0.22±0.01 50.95±1.62 52.10±2.82
DO6 17.79 DDAB 150 174.15±2.05 0.24±0.01 42.80±2.40 25.00±2.54

DO7 30 SA 60 224.95±0.07 0.27±0.01 42.45±0.49 63.15±0.63
DO8 19.30 DDAB 240 317.90±7.07 0.63±0.12 40.45±1.76 32.00±0.14

DO9 5 SA 240 206.85±4.03 0.20±0.02 34.95±1.48 34.60±1.97

DO10 30 DDAB 217.50 194.65±3.18 0.29±0.04 52.90±0.28 27.40±1.92
DO11 30 SA 240 205.10±2.40 0.24±0.01 44.60±0.14 67.30±2.40

DO12 19.30 DDAB 240 205.05±0.07 0.31±0.10 52.85±1.34 38.00±2.82

DO13 5 DDAB 163.38 196.05±0.49 0.26±0.01 36.55±0.91 32.70±3.25
DO14 5 SA 60 238.65±5.02 0.35±0.08 27.95±0.35 48.60±3.39

DO15 15.62 DDAB 60 177.00±1.27 0.23±0.01 41.25±0.77 36.20±3.11

DO16 17.5 SA 240 163.25±2.33 0.23±0.01 42.35±0.63 27.60±1.97
DO17 30 SA 60 215.70±4.94 0.27±0.01 44.70±0.56 66.50±2.40

DO18 17.50 SA 150 161.15±0.77 0.22±0.01 43.25±0.35 46.40±0.84

DO19 30 DDAB 136.21 183.30±3.39 0.31±0.06 49.90±0.84 32.30±1.83
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In vitro Drug Release Study 
The GA-release from the optimized systems, VA-coupled 
system, and drug solution was evaluated using the in vitro 
dialyzing method in a thermostatically controlled oscillat-
ing water bath shaker (Tulabo SW-20 C, USA).

The evaluation was performed using a phosphate buf-
fer (pH 6.8, 100 mL) at 37 ± 0.5°C and a shaking speed of 
100 rpm. Three milliliter aliquots were removed at pre-
determined times (0.25, 0.5, 1, 2, 4, 6, 8, and 24 h) and 
compensated with the same volume of the release 
medium.40 Finally, the concentration of GA was deter-
mined via spectrophotometry at λmax of 258 nm.40,41 The 
cumulative percentage of GA released was calculated 
using Equation 3.42

Cumulative percentage of GA released

¼
Vt ∑n�1

1 Ci þ VoCn

mGA
x100% (3) 

where mGA is the amount of GA in the CNPs, Vo is the 
whole volume of the release media (Vo = 100 mL), Vt is 
the volume of the fresh replaced media (Vt = 3 mL), and 
Cn is the concentration of GA in the sample.

The spectrophotometric method was validated, accord-
ing to a preconstructed calibration curve (concentration 
range = 2–24 μg/mL, coefficient R2 = 0.999, LOQ = 2 
µg/mL, and n=3). The recorded inter- and intra-day %RSD 
were in the range of 0.51% to 2.97% and 0.38% to 4.19%, 
respectively. Meanwhile, the inter- and intra-day recovery 
percentage were in the range of 96.73% to 99.59% and 
98.26% to 99.97%, respectively.

Kinetic Analysis of the Drug Release Data 
The in vitro drug release data were kinetically analyzed 
using Microsoft Excel for Office 365 MSO (Microsoft 
Corporation, Washington, DC, USA) to determine the 
mechanism and the order of drug release from various 
systems. Zero order, first order, Higuchi,43 and 
Korsmeyer–Peppas44,45 (Equation 4) models were applied 
for the analysis of the release kinetics.

Mt

M1

¼ Ktn (4) 

where Mt/M∞ = the drug dissolved fraction at time t, K = 
kinetic constant, and n = the diffusional exponent that 
depends on the release mechanism and the shape of the 
drug delivery system. When n ≤ 0.45, this corresponds to a 
Fickian (case I) diffusion, 0.45 < n < 0.89 indicates an 
anomalous (non-Fickian) transport, n = 0.89 refers to a 

zero order (case II) transport, and n > 0.89 suggests a 
super case II transport.

Physical Stability of the Lyophilized Optimized CNPs 
The systems were prepared and lyophilized using a freeze 
dryer (Novalyphe-NL500, Halprook, NY, USA) at −80°C 
for 48 h using 5% w/v sucrose as a cryoprotectant. Their 
PS, PDI, ZP, and EE% were investigated after reconstitu-
tion, and the results were compared to the freshly prepared 
systems.46

Fourier Transform Infrared Spectroscopy (FTIR) 
The FTIR spectroscopy was performed to determine the 
anticipated interaction between retinoic acid and the opti-
mized cationic system. One mg of the lyophilized system 
(GA-CACNP or GA-CACNP/VA) or VA powder was 
blended with 200 mg KBr to prepare KBr disc. The 
spectrum was recorded in the range of 4000 to 450 cm−1 

using IR spectrophotometer (Mattson FTIR spectrometer, 
USA).47

Differential Scanning Calorimetry (DSC) 
The DSC thermograms (GA, zein, phospholipid, SA, VA, 
sucrose, the lyophilized GA-CACNP/VA, and its physical 
mixture) were examined to detect the thermotropic beha-
vior, the level of crystallinity, and the possible interactions 
between different components of the NPs. Briefly, each 
sample (5 mg) was heated in a hermetically sealed alumi-
nium pan at a rate of 10°C/min from 50°C to 300°C under 
a nitrogen purge of 30 mL/min using a DSC-60 differential 
scanning calorimeter (Shimadzu, Kyoto, Japan).47

Biological Activity Evaluations 

Animals. Nineteen male Sprague-Dawley rats (weighing 
200 ± 50 g) were obtained from the Animal House of 
Theodor Bilharz Research Institute, Giza, Egypt for the 
isolation of primary hepatocytes and in vivo bio-distribu-
tion experiments. Rats were maintained at 12-h light/dark 
cycles with free access to water and food ad libitum. All 
experimental protocols for animals and in vitro cell lines 
were approved by the Research Ethics Committees of 
Faculty of Pharmacy, Cairo University (PI2254) and 
Theodor Bilharz Research Institute (PT525), respectively. 
All studies were conducted in agreement with the 
Association for Assessment and Accreditation of 
Laboratory Animal Care international expectations for 
animal care and use/ethics committees.
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Cell Culture. The immortalized rat Hepatic stellate cell 
line (HSC-T6), was a kind gift from Prof. Scott Friedman 
(Mount Sinai Hospital, New York, NY, USA). Meanwhile, 
primary hepatocytes were isolated using two-step collage-
nase perfusion technique, as previously described by Shen 
et al.48 The viability of isolated hepatocytes was examined 
using trypan blue exclusion test and cells with viability 
greater than 90% were cultured in 96 well tissue culture 
plates precoated with rat tail type I collagen.

The HSC-T6 and primary hepatocytes were cultured in 
DMEM supplemented with 10% FBS, 50 U/mL penicillin 
and 50 μg/mL streptomycin, and were incubated at 37°C 
in an atmosphere of 5% CO2. The HSC-T6 cells were 
activated using 10 ng/mL TGF-β1 for 24 h at 37°C.
Cytotoxicity Assay. The HSC-T6 (1×104 cells/well) and 
primary hepatocytes (5×103 cells/well) were seeded in 96- 
well plates and incubated for 24 h in starvation media. The 
cells were then treated with GA, plain systems (ANCNP, 
CACNP, and CACNP/VA), GA-ANCNP, GA-CACNP, 
and GA-CACNP/VA at concentration of 1–10 µg/mL for 
48 h. The SRB assay was performed to investigate the cell 
cytotoxicity.49 Briefly, the cells were fixed with 50% tri-
chloroacetic acid solution for 1 h at 4°C, then rinsed with 
tap water and stained with 0.4% SRB dye. The unbound 
dye was then removed and the optical density was mea-
sured at 550 nm using a microplate ELISA reader (ELX 
808-Biotek, USA). The cell viability was expressed as 
percentage viability from the control cells.
Cellular Uptake Assay. The in vitro cellular uptake assay 
was commenced by loading Rhodamine B, a fluorescence 
dye, into the systems (ANCNP, CACNP, and CACNP/ 
VA), as previously reported by Boseila et al.50 The HSCs 
were seeded at 3×105 cells/well in 6-well plates containing 
12 mm coverslips and cultured for 24 h. The HSC-T6 cells 
were incubated with 10 µL of the systems for 4 h at 37°C. 
The experiment was terminated by washing the HSC-T6 
cells with ice-cold PBS for three times, the cells were then 
fixed with 10% formaldehyde and were examined under a 
fluorescence microscope (IX81, Olympus, Tokyo, Japan).

Furthermore, the cellular uptake of optimized systems 
and free GA solution was quantitatively determined using 
high performance liquid chromatography (HPLC, 
Shimadzu HPLC, Japan). Briefly, the aHSC-T6 cells 
were cultured in 12 well culture plates (1×105 cells/well). 
After 24 h, the aHSC-T6 cells were incubated with the 
optimized systems and free GA solution at 37°C for 4 h. 
After which, 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 cell suspension was harvested. The mobile phase 
was then added to the collected cell suspension and the 
samples were vortexed for 3 min, sonicated for 5 min, and 
centrifuged for 10 min (4°C) at 15,000 rpm. The cell lysate 
was collected and injected into the HPLC for intracellular 
GA determination using the previously validated 
protocol.51,52 Briefly, samples were separated on a 
Phenomenex bondclone 10, C18, 3.9 x 300 mm, 5 µm 
particle size column (Torrance, CA, USA) using a mobile 
phase of acetonitrile (20% v/v): water (80% v/v). The flow 
rate of the mobile phase was adjusted to 0.8 mL/min; 20 
µL samples were then injected and determined using UV 
detection at λmax of 272 nm. The HPLC method was 
validated, according to a preconstructed calibration curve 
(concentration range = 0.2–24 μg/mL, coefficient R2 = 
0.999, LOQ = 0.2 µg/mL, and n=3). The recorded inter- 
and intra-day %RSD were in the range of 0.45% to 5.97% 
and 0.47% to 5.44%, respectively. Meanwhile, the inter- 
and intra-day recovery percentage were in the range of 
100.38% to 111.23% and 99.88% to 112.37%, 
respectively.
Quantitative Reverse Transcriptase Real-Time Polymerase 
Chain Reaction (qRT-PCR). Total RNA was extracted 
from the aHSC-T6 using an RNeasy Mini Kit (Qiagen, 
Dusseldorf, Germany) and quantified using a nanodrop 
(Thermo Fischer Scientific, USA). One microgram of 
RNA was reverse transcribed into Complementary DNA 
(cDNA) (Thermo Fischer Scientific, USA), which was 
then amplified using SYBR Green (Thermo Fischer 
Scientific, USA) with the primers’ sequence listed in 
Table 5. The obtained amplification data were analyzed 

Table 5 Primers Used for qRT-PCR

Gene Sequence

Col1A1 Forward: 5ʹ-GATCCTGCCGATGTCGCTA-3ʹ
Reverse: 5ʹTGTAGGCTACGCTGTTCTTGCA-3ʹ

TGF-β1 Forward: 5ʹ-TGAGTGGCTGTCTTTTGACG-3ʹ
Reverse: 5ʹ-TGGGACTGATCCCATTGATT-3ʹ

α-SMA Forward: 5ʹ-CGAAGCGCAGAGCAAGAGA −3ʹ
Reverse: 5ʹ-CATGTCGTCCCAGTTGGTGAT-3ʹ

Caspase-3 Forward: 5ʹ-GAGACAGACAGTGGAACTGACGATG-3ʹ
Reverse: 5ʹ-GGCGCAAAGTGACTGGATGA-3ʹ

GAPDH Forward: 5ʹ-GACAACTTTGGCATCGTGGA-3ʹ
Reverse: 5ʹ-ATGCAGGGATGATGTTCTGG-3ʹ
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using the 2−ΔΔCt method53 and normalized to 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
HSC Migration. The migration of aHSCs was investigated 
using the wound healing scratch assay.54 The aHSCs 
(1×105 cells/well) were cultured in 12 well tissue culture 
plates for 24 h. A scratch was made using a sterile 200 μL 
pipette tip, the cells were then washed with PBS and 
incubated with starvation medium (control), plain CNPs, 
free GA, GA-ANCNP, GA-CACNP, and GA-CACNP/VA. 
The scratched area was photographed (Primovert Carl- 
Zeiss, Jena, Germany) immediately and 48 h after scratch-
ing (×40 magnification). The cell migration into the 
scratched area was calculated and expressed as percentage 
of the wound-healed area from the initial scratch area.
HSCs Apoptosis via DAPI Staining. The apoptotic effects 
of systems on the aHSCs were evaluated using DAPI 
fluorescent dye.55,56 Briefly, the aHSC-T6 cells were 
seeded in 12 well culture plates (1 × 105 cells/well) for 
24 h. The cells were then exposed to medium (control), 
plain CNPs, free GA, GA-ANCNP, GA-CACNP, and GA- 
CACNP/VA for 48 h. Next, the cells were washed with 
PBS and stained with 0.5 μg/mL DAPI for 5 min. The 
apoptosis signs of nucleus condensation or chromatin frag-
mentation were detected under fluorescence microscope 
(IX81, Olympus, Tokyo, Japan).
In vivo Biodistribution Imaging via Confocal Laser Scanning 
Microscopy (CLSM). The targeting efficiencies of 
ANCNP, CACNP, and CACNP/VA were evaluated in 
vivo using CLSM. Rats were randomly divided into 3 
groups (6 rats each) and intravenously injected with the 
systems labeled with Rhodamine B. Four hours postadmi-
nistration, the rats were sacrificed by decapitation under 
anesthesia. The main vital organs (liver, kidney, spleen, 
and lung) were excised and examined (×10 magnification) 
using CLSM (710, Carl Zeiss, Jena, Germany). The con-
focal images were taken and processed using ZEN soft-
ware, version 2.3 (Carl Zeiss, Jena, Germany). The mean 
fluorescence intensity percentage of each organ was then 
determined, where Rhodamine B fluorescence was 
detected at λex of 488 nm and λem of 620 nm.50,56

Statistical Analyses
All experiments were conducted in triplicate and data were 
expressed as mean ± standard deviation (SD). The statis-
tical analyses were performed using one-way analysis of 
variance (ANOVA) followed by Tukey’s multiple-compar-
ison post hoc test (GraphPad Software version 5.03, San 

Diego, California, USA). The significance level was set as 
p < 0.05.

Results and Discussion
Preparation and Characterization of the 
GA-ANCNPs
PS, PDI, and ZP
NPs are characterized by low PS, as well as high stability 
inside the body. The high stability is attributed to the fact 
that they can withstand the physiological barriers; thus, 
their circulation time inside the body is prolonged.6 

Additionally, the miniaturized size of NPs, as well as 
their ability to escape the reticuloendothelial system, can 
promote their intracellular uptake and passive transloca-
tion to the liver.12 In this study, the mean PS of all the 
formulated systems ranged from 269.75 ± 7.71 nm (BB11) 
to 313.25 ± 0.49 nm (BB15), as listed in Table 2. This 
small PS of the CNPs could be attributed to the fact that 
the combination of both phospholipid and zein in the 
formulation of the NPs results in the formation of small- 
sized compact structures due to the interaction between the 
alkyl chain of the phospholipid and zein via hydrogen 
bonding, hydrophobic effects, and electrostatic 
interaction.57 Additionally, the homogenization step during 
the NPs preparation could have played an additional role 
in minimizing the PS.

The statistical analysis of the results by ANOVA sug-
gested the linear model to be the suitable model for the 
statistical analysis of the independent factors affecting the 
PS. The standardized effect of the coded independent 
variables on the PS could be explained by the following 
polynomial equation and Pareto chart (Figure 1A):

PS ¼ 292:94 � 3:99X1 � 7:00X2 � 0:5812X3 (5) 

The linear model revealed that all the tested variables 
showed no significant effect on the PS (p > 0.05).

In the obtained results, as shown in Table 2, the PDI 
varied from 0.16 ± 0.01 (BB5 and BB8) to 0.25 ± 0.01 
(BB1), which indicates the homogeneity of the NPs.47 The 
ANOVA indicated no significant correlations between the 
formulation variables and the PDI values (p > 0.05).

However, ZP values reflect the total surface charge on 
the particles, which determines the stability of the formu-
lated nanodispersions. Higher ZP values indicate higher 
surface charge, which prevents the aggregation of the NPS 
and confirms the physical stability of the preparations.50,58 

As shown in Table 2, the ZP values of all the formulated 
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systems varied between −15.75 ± 1.34 (BB17) and −27.60 
± 1.13 mV (BB3). The negative ZP values for all the 
formulated NPs are attributed mainly to their phospholipid 
content.

In this study, the ZP is discussed based on its absolute 
value. The ZP evaluation was best fitted to the linear 
model. The standardized effect of the coded independent 
variables on the ZP could be explained by the following 
polynomial equation and Pareto chart (Figure 1B):

ZP ¼ � 22:7794 þ 3:3125X1 þ 1:0375X2
� 2:975X3 (6) 

ANOVA tests were employed, and the results reveal that 
the drug loading (X1), as well as the phospholipid to zein 
ratio (X3), had significant effects on the ZP at p < 0.05. As 
shown in the 3D surface plot (Figure 2A), increasing the 
phospholipid to zein ratio showed a positive effect on the 
ZP of the formulated NPs due to the increment in the 
amount of the negatively charged phospholipid incorpo-
rated into the system.57

However, increasing the drug load resulted in lower 
absolute values of ZP, as observed in Figure 2A. This could 
be attributed to the fact that an increase in the GA amount 
may reduce the pH of the medium (increase H+ concentra-
tion), which may neutralize some of the negative charges on 
the phospholipid, thereby decreasing its negativity; thus, the 
overall ZP value of the NPs is lowered.59

Entrapment Efficiency
The EE% of GA in the different preparations ranged from 
38.30 ± 2.12% w/w (BB17) to 64.50 ± 1.27% w/w (BB3), 
as listed in Table 2. The ANOVA suggested the linear 
model to be the most suitable model to explain the data, 
and the results reveal that only drug loading (X1) and 
phospholipid to zein ratio (X3) had a significant effect 
on the EE% at p < 0.05. The standardized effect of the 
coded independent variables on the EE% could be 
explained by the following polynomial equation and 
Pareto chart (Figure 1C):

EE% ¼ 48:00 � 5:81X1 � 2:34X2 þ 5:85X3 (7) 

Figure 1 Pareto chart showing the standardized effect of independent variables on (A) PS, (B) ZP, (C) EE% of GA-ANCNPs.  
Abbreviations: PS, Particle size; ZP, Zeta potential; EE%, Entrapment efficiency percentage; GA, Gallic acid; ANCNP, Anionic zein/phospholipid composite nanoparticles.

Figure 2 Response surface plots for the effects of drug loading and phospholipid: zein ratio on (A) ZP and (B) EE% of GA-ANCNPs. 
Abbreviations: ZP, Zeta potential; EE%, Entrapment efficiency percentage; GA, Gallic acid; ANCNP, Anionic zein/phospholipid composite nanoparticles.
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Figure 2B shows that an increase in the drug load resulted 
in a decrease in EE%. This can be related to the exact 
capacity of the formulated NP vesicles for drug incorpora-
tion. At a constant level of phospholipid and zein, an exact 
number of NPs is formulated with a certain drug incor-
poration capacity. Thus, increasing the number of GA 
molecules would fill the vesicles till maximum, and any 
excess molecules would not be encapsulated. This would 
result in a higher percentage of the free unencapsulated 
drug and in turn, lower EE%.60

On the contrary, increasing the phospholipid to zein ratio 
resulted in the formulation of NPs with higher EE% of GA, as 
shown in Figure 2B. This could be attributed to the synergis-
tic mutualism between phospholipid and zein in promoting 
GA encapsulation. Phospholipid may endorse the encapsula-
tion of both the free and adsorbed GA on the zein surface 
inside the hybrid NPs by forming shell-like structures sur-
rounding the zein core. This improves the stability of the 
formulated zein NPs and prevents drug leakage to the external 
phase.57 In addition, the electrostatic attraction between the 
negatively charged carboxylate group of free GA and the 
positively charged choline content of phospholipid could be 
another reason for the augmented GA encapsulation.20

Statistical Design Optimization
After the statistical analysis, the dependent variables were 
optimized to determine the formulation system that would 
yield NPs with the smallest PS, lowest PDI, highest ZP, 
and highest EE%. The Design Expert® software recom-
mended a system composed of 5 mg GA, phospholipid to 
zein ratio of 4:1, and subjected to homogenization for 1 
min with a desirability factor of 0.95. The suggested GA- 
ANCNP system was prepared and characterized in 

triplicate, which showed a mean PS of 265.36 ± 5.22 nm 
with a PDI of 0.20 ± 0.06 and ZP of −30.10 ± 2.40 mV, 
and the EE% was 61.99 ± 3.22% w/w.

Preparation and Characterization of the 
GA-CACNPs
To enhance HSCs passive targeting efficiency and facil-
itate NPs extravasation into the space of Disse, the size of 
the NPs should be smaller in diameter than the liver 
sinusoidal fenestrations (150–200 nm).50 Moreover, the 
formulation of cationic NPs may be superior to that of 
the anionic ones in the targeting of HSCs because the 
cationic NPs possess the ability to bind to the negatively 
charged phospholipids in cell membranes and bypass the 
engulfment by endothelial and Kupffer cells, which favor-
ably tend to scavenge the anionic particles.28,29 Thus, 
based on previous formulation designs, statistical analysis, 
and optimization results, the most desirable system in the 
first design (optimized GA-ANCNPs) was integrated into 
another RSM design (D-optimal design) to produce 
CACNPs with smaller PS capable of VA coupling.

PS, PDI, and ZP
The mean PS of the prepared CACNPs was in the range of 
161.15 ± 0.77 (DO18) to 317.9 ± 7.07 nm (DO8), as 
shown in Table 4, with several systems in the target size 
range (<200 nm) for enhanced drug delivery to HSCs.

The evaluation of the response values of PS (Y1) was 
appropriately matched with the quadratic model. The stan-
dardized effects of the coded independent variables and 
their interactions on the PS could be explained by the 
following polynomial equation and Pareto chart 
(Figure 3A):

Figure 3 Pareto chart showing the standardized effect of independent variables and their interactions on (A) PS, (B) ZP, (C) EE% of GA-CACNPs.  
Abbreviations: PS, Particle size; ZP, Zeta potential; EE%, Entrapment efficiency percentage; GA, Gallic acid; CACNP, Cationic zein/phospholipid composite nanoparticles.
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PS ¼ 161:551 þ 1:10808X1 � 6:37291X2
� 0:782569X3 þ 10:2747X1X3
þ 2:83833X1X2 � 0:521123X2X3
þ 29:6628X22 þ 21:9115X32 (8) 

Applying ANOVA, only the interaction between the type 
of the positive charge inducer (X1) and the sonication time 
(X3) showed a significant effect on the PS at p < 0.05, as 
depicted in Figure 4C. PS was found to decrease as the 
sonication time increased from 60 to 150 s. However, at 
higher sonication time (>150 s), NPs with larger PS were 
formulated. This finding was observed in both types of 
positive charge inducer (SA or DDAB) at different 
degrees.

Sonication energy is known to reduce PS as it creates 
cavitation bubbles that generate localized energy enough 
for the production of miniaturized particles.38 Subjecting 
the system to a prolonged sonication (up to 150 s) exposes 
the formulated NPs to higher sonication energy, which 
results in a further reduction in the PS. The higher PS 
obtained at higher sonication time (>150 s) could be 
attributed to the interactive forces created between differ-
ent nano-particulates, which overcome the shearing effect 
of the sonication energy at the high surface area of the 
highly reduced PS. These interactive forces may cause 

particle agglomeration.59 Additionally, the high shearing 
force of the sonicator may create surface charges that 
induce further agglomeration and PS increment.61,62

The PDI values for all the prepared systems varied 
from 0.19 ± 0.02 (DO3) to 0.35 ± 0.08 (DO14), as 
shown in Table 4, indicating good homogeneity of the 
dispersion. Only DO8 system recorded high value of PDI 
(0.63), which indicates a wide range of PS distribution. 
Data manipulation via ANOVA showed that the model 
with all of its independent variables had no significant on 
the PDI values (Y2) (p > 0.05).

The ZP values of the prepared systems indicate that all 
the vesicles were positively charged, with ZP values vary-
ing between 20.35 ± 0.49 (DO3) and 52.90 ± 0.28 mV 
(DO10), as shown in Table 4.

Via statistical analysis, the ZP (Y3) values were best 
evaluated according to the linear model. The standardized 
effect of the coded independent variables on the ZP could 
be explained by the following polynomial equation and 
Pareto chart (Figure 3B):

ZP ¼ 40:3866 þ 1:5413X1 þ 6:74693X2
� 0:375102X3 (9) 

The ANOVA test demonstrated that the amount of positive 
charge inducer (X2) was the only significant factor 

Figure 4 (A) Response surface plot for the effects of amount of positive charge inducer and sonication time on ZP, Line plots for (B) the main effect of type of positive 
charge inducer (SA and DDAB) on EE%, (C) the interaction between type of positive charge inducer and sonication time on PS and (D) the interaction between type and 
amount of positive charge inducer on EE% of GA-CACNPs.  
Abbreviations: ZP, Zeta potential; EE%, Entrapment efficiency percentage; PS, Particle size; GA, Gallic acid; CACNP, Cationic zein/phospholipid composite nanoparticles; 
SA, Stearylamine; DDAB, Didodecyldimethylammonium bromide.
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affecting the ZP values at p < 0.05. Increasing the positive 
charge inducer level resulted in higher ZP values, as 
shown in Figure 4A, due to their cationic nature, which 
increases the surface charge of the formulated 
nanovesicles.63

Entrapment Efficiency
The mean EE% for all the prepared systems ranged from 
25.00 ± 2.54% w/w (DO6) to 67.30 ± 2.40% w/w (DO11), 
as presented in Table 4.

ANOVA statistical analysis selected the 2FI model for 
the analysis of the dependent variable Y4 (EE%). The 
standardized effect of the coded independent variables 
and their interactions on the EE% could be explained by 
the following polynomial equation and Pareto chart 
(Figure 3C):

EE% ¼ 40:5101 � 8:12461X1 þ 3:57674X2
� 3:54131X3 � 6:52542X1X2
þ 3:56844X1X3 þ 1:96398X2X3 (10) 

The statistical analysis, as shown in Figure 4B and D, 
revealed a significant effect of the type of positive charge 
inducer (X1), as well as the interaction between the type 
(X1) and the amount of the positive charge inducer (X2) 
on the EE% at p < 0.05. The SA-based systems showed 
greater EE% than the DDAB-based ones. On the contrary, 
the positive impact of SA on the EE% can be related to the 
possible multiple-point polar interactions between GA and 
SA, which may promote the rigidity of the NPs structure 
and reduce the leakage of GA.64 Moreover, the highly 
hydrophobic nature of SA, present in the outer corona of 
the vesicles, may prevent the efflux of the hydrophilic drug 
(GA) from the formulated vesicles.65 However, the use of 
DDAB had a negative influence on the EE% due to its 
surfactant properties (HLB = 18.1) compared to SA (HLB 
= 7.9).66,67 It was reported by Yousry et al38 and Guinedi 
et al68 that surfactants with high HLB enhance drug leak-
age from vesicles into the aqueous phase, thus, decrease its 
EE%. The observed interaction between the type and 
amount of the positive charge inducers could be attributed 
to the same principle. Therefore, increasing the amount of 
SA greatly enhances the EE%, whereas an increase in the 
amount of DDAB significantly reduces the EE%, as pre-
sented in Figure 4D.

Statistical Design Optimization
The formulation variables were optimized using the 
Design Expert software based on the PS, PDI, ZP, and 
EE% constraints, as shown in Table 3. The software 

proposed an optimized GA-CACNP system containing 5 
mg of GA with 4:1 phospholipid to zein ratio and 24.02 
mg of SA. The program also suggested a sonication time 
of 162.98 s for the preparation and a final homogenization 
step for 1 min. The desirability factor of the optimized 
system was 0.72. The GA-CACNP was prepared and 
evaluated in triplicate. The mean observed PS was 
165.00 ± 5.23 nm with PDI of 0.25 ± 0.04. Additionally, 
the average ZP and EE% were 42.31 ± 2.74 mV and 60.00 
± 3.11% w/w, respectively.

Preparation and Characterization of GA- 
CACNP/VA System
To impart active targeting ability to the optimized CACNP 
system, VA was coupled to the system after its preparation 
since HSCs can store about 80% of VA.30 VA aids surface 
binding with retinol-binding protein (RBP) receptors on 
HSCs, thereby offering NPs preferential access to 
aHSCs.11,31–33

In this study, the optimized GA-CACNP was success-
fully coupled with VA (retinoic acid) with a coupling 
efficiency of 69.5% w/w. El-Mezayen et al28 reported 
that the hydrophobic interaction between the lipophilic 
part of the retinoic acid and the lipophilic tail of the 
phospholipid is the main reason for the enhanced coupling 
efficiency of the system. This coupling resulted in an 
increment in PS from 165.00 to 192.00 nm, which con-
firms the attachment of VA to the NPs with a low PDI 
value (0.24), thus, revealing the uniformity of the devel-
oped system. On the contrary, the ZP was reduced from 
42.00 to 32.33 mV due to the electrical attractive forces 
between the negatively charged carboxylic group of the 
retinoic acid and the positively charged polar head of SA 
in the optimized GA-CACNP system. This finding is in 
agreement with previous studies, which recorded an elec-
trostatic interaction between VA and the positive surface 
charge of NPs.69,70 Moreover, the EE% of the optimized 
GA-CACNP system remained unchanged upon coupling 
with VA.

Further Characterization of the 
Optimized Systems
Transmission Electron Microscopy
The micrographs of the optimized systems (Figure 5) show 
the presence of miniaturized, distinct, and spherical vesi-
cles in the nano-size range, which is very close; yet smal-
ler than that measured using Malvern zeta sizer. This could 
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probably be attributed to the tendency of shrinkage and 
collapse of hydrophilic shells upon drying samples during 
the TEM procedure.42 In addition to the fact that zetasizer 
analyses the average PS of the whole nanosuspension 
while TEM analyses the PS of individual NPs.71

It was also observed that the VA-coupled system (GA- 
CACNP/VA) showed particles larger than that of the opti-
mized GA-CACNP, indicating the possible coupling of VA 
to GA-CACNP.

In vitro Drug Release Study
The in vitro release profiles for GA from its solution and 
optimized systems are shown in Figure 6. As shown in the 
figure, GA was completely released from its solution after 

30 min via the dialysis membrane technique. However, the 
GA-ANCNP, GA-CACNP, and GA-CACNP/VA showed a 
fast release of GA within the first 2 h due to the surface 
drug followed by a more extended release profile of GA, 
where the cumulative percentages released after 24 h were 
only 69.05 ± 1.61%, 49.48 ± 6.10%, and 79.07 ± 1.92%, 
respectively. This extended release of GA from the various 
systems indicates that GA was encapsulated within the 
vesicles. CACNP showed less GA-release than ANCNP, 
and this could be ascribed to the high rigidity and hydro-
phobicity of the CACNP structure due to the SA inclusion 
into the NPs and the possible electrostatic interaction 
between the SA and GA, which could reduce the leakage 
of the hydrophilic drug (GA) from GA-CACNP.64,65 The 

Figure 5 Transmission electron micrographs of (A) optimized GA-ANCNP, (B) optimized GA-CACNP and (C) GA-CACNP/VA (bar = 100 nm, magnification power= 
60000X).  
Abbreviations: GA, Gallic acid; ANCNP, Anionic zein/phospholipid composite nanoparticles; CACNP, Cationic zein/phospholipid composite nanoparticles; CACNP/VA, 
Cationic zein/phospholipid composite nanoparticles coupled with vitamin A.

Figure 6 In vitro release profiles of GA from different systems relative to GA solution in phosphate buffer (pH 6.8). Results are expressed as means ± SD, n=3. 
Abbreviations: GA, Gallic acid; ANCNP, anionic zein/phospholipid composite nanoparticles; CACNP, cationic zein/phospholipid composite nanoparticles; CACNP/VA, 
cationic zein/phospholipid composite nanoparticles coupled with vitamin A.
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faster release profile of GA observed in GA-CACNP/VA, 
as compared to GA-CACNP, could be related to the elec-
trostatic interaction between SA and VA, which results in a 
reduced positivity of the vesicles. This could weaken the 
attraction force between the negatively charged GA and 
the positively charged vesicles, thus, facilitating its out- 
diffusion.63,65

Kinetic Analysis of the Drug Release Data
The GA release from all systems followed the Higuchi 
diffusion model, which showed the highest coefficient of 
determination in comparison to the other models. In addi-
tion, the Korsmeyer–Peppas model showed that n values 
of GA-ANCNPs and GA-CACNPs are in the range of 0.45 
and 0.89. This indicates anomalous (non Fickian) transport 
where the release was controlled by a combination of 
diffusion and polymer relaxation effects, whereas GA- 
CACNP/VA shows n ≤ 0.45, which suggests a Fickian 
diffusion mechanism.44,45

Physical Stability of the Lyophilized Optimized CNPs
The use of NPs is usually limited by the associated phy-
sical and chemical instability, as well as their tendency to 
aggregate upon storage for extended durations. Thus, the 
formulated systems were freeze-dried and their physical 

stability was evaluated with regard to PS, PDI, ZP, and EE 
%. The recorded PS values were 272.26 ± 6.14, 174.51 ± 
4.71, and 198.21 ± 3.1 nm, the PDI levels were 0.24 ± 
0.10, 0.27 ± 0.12, and 0.27 ± 0.06, ZP values were −29.70 
± 4.10, 40.32 ± 1.15 and 30.59 ± 3.20 mV, and EE% were 
62.20 ± 2.15, 60.90 ± 2.24, and 60.50 ± 1.16% w/w for 
GA-ANCNPs, GA-CACNPs, and GA-CACNP/VA, 
respectively. There were no significant differences in PS, 
PDI, ZP, and EE% results between the freshly prepared 
and lyophilized systems (p > 0.05). Lyophilization enables 
long-term storage of NPs via protecting them from physi-
cal and chemical instability. The stability of the dry cake 
formed could be attributed to the cryoprotectant activity 
during the freeze drying process.46

Fourier Transform Infrared Spectroscopy
Figure 7 shows the IR spectra of the retinoic acid, GA- 
CACNP, and GA-CACNP/VA systems. The principal 
peaks of the VA at 1685 and 1253 cm−1 are attributed to 
the C=O of the carboxylic group. Also, the spectrum of the 
VA shows an absorption band extending from 2746 to 
3047 cm−1, which corresponds to the hydroxyl functional 
group (OH) of the carboxylic acid, in addition to a sharp 
peak at 2931 cm−1 for the C-H double bonds of the 

Figure 7 FTIR spectra of (A) VA, (B) optimized GA-CACNP system and (C) GA-CACNP/VA system.  
Abbreviations: VA, Vitamin A; GA, Gallic acid; CACNP, Cationic zein/phospholipid composite nanoparticles; CACNP/VA, Cationic zein/phospholipid composite 
nanoparticles coupled with vitamin A.
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retinoic acid.72 Unfortunately, the characteristic bands of 
VA are not reliable enough to evaluate its coupling with 
the optimized GA-CACNP because the characteristic 
peaks of the GA-CACNP components (C=O, OH, C–H 
double bonds) are very similar to the spectrum of retinoic 
acid. However, the GA-CACNP/VA spectrum showed the 
appearance of a new peak at 2357 cm−1 and a shift in the 
trans out-of-plane bend of the retinoic acid from 960 to 
948 cm−1. The appearance of the new peaks and the shift 
in the peaks indicate the hydrophobic interactions between 
the lipophilic part of the retinoic acid and the lipophilic tail 
of the lecithin, as well as the electrostatic attraction 
between the negatively charged hydroxyl group of the 
VA and the cationic surface charge of the NPs, as pre-
viously explained by El-Mezayen et al.28

Differential Scanning Calorimetry
The DSC thermograms of GA, zein, phospholipid, SA, 
VA, sucrose, the lyophilized GA-CACNP/VA system, 
and its physical mixture are illustrated as follows in 
Figure 8:

GA exhibits a sharp endothermic peak at 260°C, which 
refers to the melting point of the crystalline GA.73 Zein 
shows two broad endothermic peaks at 83°C and 280°C, 
which indicate its denaturation and melting temperatures, 
respectively.74 Phospholipid shows a mild endothermic 
peak at 153°C and another broad peak at 240°C. The 
first peak indicates hot movements of the phospholipid 
polar chains, whereas the other peak indicates its transition 
from the gel form to the liquid crystal state.75,76 SA and 
VA show endothermic peaks at 90°C (sharp) and 177°C 
(broad), respectively, which are consistent with those 
obtained by Lee et al77 and Berbenni et al.78 Sucrose 
shows two sharp endothermic peaks at 188°C and 223°C. 
This could be attributed to the melting of sucrose that 
begins at ~186–188ºC, which is then followed by decom-
position between 200°C and 250°C.79

We observed the disappearance of the characteristic 
peak of GA in the thermograms of both the physical 
mixture and GA-CACNP/VA, respectively. This might be 
ascribed to the dilution effect of the drug in the samples.

Moreover, the characteristic peaks of zein, phospholi-
pid, SA, and VA in both physical mixture and GA- 
CACNP/VA reduced with the appearance of a new peak 
at 125°C of lower intensity in the physical mixture, but 
higher and more prominent in the GA-CACNP/VA system. 
This new peak in the physical mixture might be attributed 
to the rise in temperature during the DSC procedure. Such 

increased temperature could have resulted in melting the 
phospholipid and partial formation of complex between 
the individual components.75,76

However, the strong prominent peak of GA-CACNP/ 
VA could be owed to the reorganization of the components 
in the GA-CACNP/VA system in a state different from 
their original molecular structures and the possible forma-
tion of a strong complex. Such complexation could have 
been facilitated via the hydrophobic attractions, hydrogen 
bonds and electrostatic interactions between the various 

Figure 8 DSC thermograms of GA, zein, phospholipid, SA, VA, sucrose, physical 
mixture, and GA-CACNP/VA system.  
Abbreviations: GA, Gallic acid; SA, Stearylamine; VA, vitamin A; CACNP/VA, 
Cationic zein/phospholipid composite nanoparticles coupled with vitamin A.
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components of the GA-CACNP/VA. These findings are in 
agreement with Tadros and Al-mahallawi76 as well as 
Yanyu et al.75

Biological Activity Evaluations
Since aHSCs are considered as the main cells responsible 
for hepatic fibrosis progression, suppressing their activa-
tion and/or triggering their apoptosis represent an appeal-
ing approach for treating hepatic fibrosis.80 In this study, 
the HSC-T6 cell line was employed for the in vitro inves-
tigation of the antifibrotic potential of the optimized GA- 
loaded CNPs (namely; GA-ANCNP, GA-CACNP, and 
GA-CACNP/VA systems). HSC-T6 provides an accepta-
ble model for elucidating the underlying mechanisms of 
HSC activation, as well as for investigating the potential 
therapeutic intervention.81

Cellular Uptake 
To validate the internalization of the NPs into aHSCs, we 
incubated the cells with Rhodamine B-loaded CNP for 4 h 
after which the cells were examined under a fluorescence 
microscope (Figure 9A). Rhodamine B was selected as a 
fluorescence marker to visualize the targeting capacity of 
the prepared system due to its solubility in water and 
ethanol, so it would mimic the encapsulation behavior of 
the hydrophilic compound (GA) in the system.12 We 
observed some red signals inside the HSC-T6 cells, indi-
cating the internalization of the dye-loaded ANCNP and 
CACNP into the cells, whereas more intense signals 
appeared with the dye-loaded CACNP/VA.

Furthermore, we quantitatively determined the intracel-
lular GA concentrations in aHSCs using HPLC after 4 h of 
incubation with the different optimized GA-CNP systems 
or free GA solution. We showed that the intracellular GA 
concentrations were 15.55%, 24.45%, 46.6%, and 16.94% 
for GA-ANCNP, GA-CACNP, GA-CACNP/VA, and free 
GA solution, respectively. This demonstrates the compar-
able GA intracellular concentrations between GA-ANCNP 
and the free GA. However, the internalized GA concentra-
tions in the cells treated with GA-CACNP and GA- 
CACNP/VA increased by 1.44- and 2.75-fold, respec-
tively, relative to those treated with the free GA, which 
could be attributed to a positive charge impart to the 
system. Also, Hsu et al82 reported that cationic lipid nano-
particles are easily internalized into cells due to their ease 
of binding with nucleic acids or genes, as well as their 
interaction with the negatively charged phospholipids in 
the cell membrane.

Interestingly, coupling the optimized CACNP with VA 
showed a 1.9-fold increment in the GA uptake when 
compared to that of the CACNP solution. These results 
are consistent with those obtained by Zhang et al83 and 
Qiao et al,31 who reported that NPs decorated with VA are 
characterized by high HSC specificity, thereby showing 
high cellular-uptake efficiency.

Cytotoxicity and Anti-Fibrogenic Activity 
The activation and proliferation of HSCs are considered 
the pivotal effectors in the progression of hepatic fibrosis, 
where TGF-β1 (the most potent fibrogenic cytokine) 
induces the proliferation of aHSCs, expression of α- 
smooth muscle actin (α-SMA), and synthesis of ECM 
proteins, including procollagen type I alpha 1 
(COL1A1).81

So, we initially investigated the antiproliferative effects 
of the free GA, plain CNP systems, and optimized GA- 
CNPs on aHSCs using SRB assay. The cytotoxicity/anti- 
proliferative results were expressed as percentage viability 
from the control cells (Figure 9B). The cytotoxicity results 
reveal that the plain ANCNP had no effect on the HSC-T6 
proliferation, whereas the plain CACNP, as well as the 
plain CACNP/VA, showed comparable concentration- 
dependent suppression in the HSC-T6 proliferation, as 
manifested by the IC50 values of 8.75 and 8.7 µg/mL, 
respectively.

Significant concentration-dependent mitigation in the 
aHSCs proliferation was recorded upon their treatment 
with GA-ANCNP, GA-CACNP, and GA-CACNP/VA (dis-
playing IC50 values of 0.54, 2.65, and 1.75 µg/mL, respec-
tively) in comparison to the free GA (IC50 = 5.17). It is 
noteworthy that GA-ANCNP exhibited a substantial 
reduction in the proliferation of aHSCs compared to the 
free GA, GA-CACNP, and GA-CACNP/VA.

All the formulations showed no cytotoxicity signs on 
the primary hepatocytes, where the reported percentage 
viabilities of the cells after GA, plain ANCNP, and GA- 
ANCNP treatments were above 90% over the selected 
range of the tested concentrations (1–10 μg/mL). This 
indicates their selective toxicity to aHSCs (Figure 9C). 
However, the treatment of hepatocytes with plain 
CACNP, plain CACNP/VA, GA-CACNP, and GA- 
CACNP/VA reduced their percentage viability to 
72–75% over the selected range of the tested concentra-
tions (1–10 μg/mL). This observed decrease in hepatocytes 
percentage viability could be attributed to the presence of 
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SA in the CACNP system, which may have exhibited 
some level of toxicity on the hepatocytes.84

The plain ANCNP also showed no effect on the 
expression of the fibrogenic markers when compared to 
the untreated cells (data not shown), whereas the plain 
CACNP showed only a small suppression in α-SMA 

(13.64%) and induction in the caspase-3 (24.24%) 
mRNA expression levels. This could be attributed to the 
impact of SA, which was formerly reported to induce 
apoptosis in different cancer cell lines, especially breast,85 

prostate86 and liver cancer cell lines.87 Besides, the VA- 
decorated CACNP without GA did not show any 

Figure 9 Effect of GA-CNPs on cellular uptake and cytotoxicity activities in aHSCs; (A) microscopic fluorescent image showing aHSCs uptake of Rhodamine-loaded-CNP, 
(B, C) cytotoxicity/antiproliferative activity of the free GA and GA-CNPs against (B) aHSCs and (C) primary hepatocytes after 48 h exposure. Each experiment is 
performed in triplicate (n=3).  
Abbreviations: GA, Gallic acid; aHSCs, activated hepatic stellate cells; ANCNP, Anionic zein/phospholipid composite nanoparticles; CACNP, Cationic zein/phospholipid 
composite nanoparticles; CACNP/VA, Cationic zein/phospholipid composite nanoparticles coupled with vitamin A.
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Figure 10 Antifibrogenic effects of GA-CNPs on fibrosis markers in aHSCs; (A&B) Representative graphs showing mRNA expression levels of activation [(A) TGF-β1 and 
(B) α-SMA] in aHSCs; (C) representative images of migration of aHSCs at 0 and 48 h treated with medium, plain CNPs,free GA, and GA-CNPs (x40 magnification); (D) 
representative graph showing the percentage of wound closure after 48 h; (E&F) representative graphs showing mRNA expression levels of (E) collagen synthesis (COL1A1) 
and (F) apoptosis (Caspase-3) markers in aHSCs; (G) representative fluorescent photomicrographs showing nuclear morphological changes of apoptotic nuclei (red arrows) 
in DAPI stained aHSC-T6 treated with medium, plain CNPs, free GA and GA-CNPs. Results are expressed as mean ± SD of three independent experiments, (n=3). ap < 0.05 
vs control untreated aHSCs; bp < 0.05 vs GA-treated aHSCs; cp < 0.05 vs GA-ANCNP; dp < 0.05 vs GA-CACNP.  
Abbreviations: GA, Gallic acid; aHSCs, activated hepatic stellate cells; ANCNP, Anionic zein/phospholipid composite nanoparticles; CACNP, Cationic zein/phospholipid 
composite nanoparticles; CACNP/VA, Cationic zein/phospholipid composite nanoparticles coupled with vitamin A; TGF-β1, transforming growth factor-β1, α-SMA: α- 
smooth muscle actin; COL1A1, pro-collagen type I, DAPI: 4ʹ,6-diamidino-2-phenylindole.
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significant change in the expressions of fibrogenic markers 
compared to the plain CACNPs (data not shown) 
(Figure 10A–G).

The activation of HSCs was significantly reduced when 
the cells were treated with the free GA as indicated by the 
significant downregulation in the mRNA expressions of 
both activation markers, TGF-β1 and α-SMA, by 41.35% 
and 57.80%, respectively, as compared to the untreated 
activated cells. This is consistent with the previous 
findings.16 GA-ANCNP and GA-CACNP/VA showed sig-
nificant inhibitory effects on the mRNA expressions of 
TGF-β1 (86.57% and 26.87%, respectively) and α-SMA 
(75% and 41.07%, respectively), whereas GA-CACNP 
exhibited a significant reduction only in the expression of 
TGF-β1 (28.36%) when compared to the free GA. 
Notably, GA-ANCNP showed a higher decrease in the 
expression levels of the activation markers, TGF-β1 
(5.33- and 5.44-fold) and α-SMA (3.57- and 2.36-fold) 
when compared to GA-CACNP and GA-CACNP/VA, 
respectively (Figure 10A and B).

Upon activation of HSCs, they transdifferentiate into 
contractile myofibroblasts, where they migrate toward the 
injury sites, which results in the production of ECM.88 As 
shown in Figure 10C and D, GA-ANCNP, GA-CACNP, 
and GA-CACNP/VA significantly mitigated the migration 
of aHSCs toward the wounded area compared to GA. 
However, the percentage inhibition of cell migration was 
more pronounced in the cells treated with GA-ANCNP and 
GA-CACNP/VA. Furthermore, the treatment of aHSCs with 
GA-ANCNP, GA-CACNP, and GA-CACNP/VA showed 
marked regression in the mRNA COL1A1 expression levels 
by 45.12%, 26.83%, and 62.20%, respectively, relative to 
the free GA. Besides, GA-CACNP/VA considerably 
reduced the mRNA COL1A1 expression levels by 31.11% 
and 48.33% when compared to GA-ANCNP and GA- 
CACNP, respectively (Figure 10E).

The inhibition of the activation, proliferation, and 
migration of the aHSCs is reported to trigger apoptosis of 
myofibroblastic HSCs.32 Herein, GA showed minor induc-
tion in the mRNA expression of the apoptotic marker 
(Caspase-3), whereas GA-ANCNP upregulated the mRNA 
caspase-3 expression levels by 35.29% when compared to 
the free GA. Additionally, GA-CACNP and GA-CACNP/ 
VA upregulated the mRNA caspase-3 expression levels 
when compared to the free GA (51.61% and 129.03%, 
respectively) and GA-ANCNP (27.72% and 92.93%, 
respectively). To confirm the induced apoptotic effects of 
GA-CACNP and GA-CACNP/VA on aHSCs, DAPI 

staining was performed. DAPI staining assay is known to 
form intense DNA-DAPI fluorescent complexes that result 
from selective DNA binding. We observed that the GA- 
CACNP/VA increased the typical apoptotic features in the 
nuclear morphology of aHSCs (including intensely stained, 
fragmented and condensed nuclei, and chromatin degrada-
tion), relative to GA-CACNP. Additionally, lesser apoptotic 
changes were depicted in the GA and GA-ANCNP treated 
cells (Figure 10F and G). This could be inflicted by the 
previously reported apoptotic inducing effects of SA,85 thus, 
resulting in the observed enhanced apoptotic actions of GA- 
CACNP and GA-CACNP/VA on aHSCs.

The results obtained herein reveal that GA-CACNP/VA 
exhibited a remarkable decrease in the α-SMA and 
COL1A1 mRNA expressions, as well as pronounced 
induction in the caspase-3 mRNA expressions when com-
pared to GA-CACNP. These results are consistent with the 
previous studies,11,30,32 where VA-loaded NPs were 
reported to interact with RBPs via RBP receptors on 
HSCs to deliver siRNA, drugs, and compounds.

In vivo Biodistribution 
The mean fluorescence intensity percentage of each organ 
is shown in Figure 11A. Results obtained herein reveal 
that GA-ANCNP exhibited nonspecific organ biodistribu-
tion, where the reported mean fluorescence intensities 
were almost comparably distributed in all the tested vital 
organs. GA-CACNP showed the highest mean fluores-
cence intensity in the liver (51.65%), followed by the 
kidney (32.11%) and minimal fluorescence intensity in 
the spleen (7.17%) and lung (9.07%). The slightly high 
fluorescence level observed in the kidney could be attrib-
uted to its function as an eliminating organ for NPs.32 

Renal failure is reported to be one of the major complica-
tions in cirrhotic patients,89 hence, the accumulation of 
CNPs in the kidneys might reflect an additional benefit, 
where GA has been demonstrated to play a protective role 
against renal injuries in experimental animals via its dual 
anti-inflammatory and antioxidant activities.90,91

Furthermore, coupling VA to GA-CACNP spiked their 
hepatic accumulation, as indicated by the pronounced 
mean fluorescence of 65.01% with moderate renal uptake 
(18.89%) and trivial fluorescence in the lung and spleen. 
This indicates the major role of VA in the active targeting 
of GA-CACNP/VA to the liver (Figure 11B). Such 
enhanced hepatic accumulation and lower renal uptake of 
GA-CACNP/VA may boost the therapeutic efficacy of GA 
against liver fibrosis.
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Conclusions and Future Studies
In the quest to find effective and safe treatments for 
hepatic fibrosis, zein/phospholipid composite NPs were 
successfully fabricated using antisolvent precipitation 
technique. The formulations and preparation parameters 
were comprehensively optimized using RSM. Nanosized 
(265.36 nm) anionic system “GA-ANCNP” with high GA 
encapsulation were fabricated. The GA-ANCNPs were 
integrated into another design to further reduce the PS 
below 200 nm and confer a positive charge to the formula-
tion with the aim of enhancing its passive liver-targeting 
behavior. The optimized cationic system “GA-CACNP” 
was finally coupled with VA “GA-CACNP/VA” to pro-
mote an additional active liver-targeting behavior in the 
system. The following findings were obtained.

The GA-ANCNPs were passively uptaken by aHSCs. 
They also blocked the HSCs activation efficiently, mitigated 
collagen deposition, and induced aHSCs clearance to a mod-
erate extent. However, they showed relatively large PS (265 
nm), cellular uptake comparable to that of free GA, and low 
hepatic selectivity. On the contrary, both GA-CACNP and 
GA-CACNP/VA showed small PS (165 and 192 nm, 

respectively), exhibited higher cellular internalization via 
passive and active targeting, respectively, when compared 
to the free GA, as well as GA-ANCNP. Both systems acted 
mainly by triggering the apoptosis of aHSCs, repressing 
collagen deposition, and, to a lesser extent, inhibiting the 
activation of HSCs. They also showed higher selective dis-
tribution in the liver. Notably, GA-CACNP/VA exhibited 
superior effects compared to GA-CACNP as regards the 
reduction in α-SMA and COL1A1 expression and induction 
of caspase-3 mRNA.

Collating the results of the three investigated nanoparti-
cle systems, GA-CACNP/VA was shown to be the best 
suitable candidate for specific and controlled delivery of 
GA to aHSCs, where the previously performed in vitro 
data are very promising. However, there is a need for 
further in vivo experiments to evaluate the safety and effi-
cacy of the CACNP/VA in the treatment of hepatic fibrosis.

Abbreviations
ANOVA, Analysis of variance; ANCNPs, Anionic compo-
site nanoparticles; aHSCs, activated Hepatic stellate cells; 
cDNA, Complementary DNA; COL1A1, Collagen type I; 

Figure 11 In vivo biodistribution of Rhodamine B-labelled-CNPs in vital organs; (A) representative graphs showing mean fluorescence intensity percentages of vital organs 
after treatment with Rhodamine B loaded-CNPs. Results are expressed as means ± SD, (n=3); (B) photomicrographs showing confocal laser scanning of vital organs treated 
with Rhodamine B-loaded-CACNP/VA. ap < 0.05 denotes statistically significant difference between organs vs liver within the same formula; bp < 0.05 vs Rhodamine 
B-loaded-ANCNP within liver; cp < 0.05 vs Rhodamine B-loaded-CACNP within liver.  
Abbreviations: ANCNP, Anionic zein/phospholipid composite nanoparticles; CACNP, Cationic zein/phospholipid composite nanoparticles; CACNP/VA, Cationic zein/ 
phospholipid composite nanoparticles coupled with vitamin A.
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CNPs, Composite nanoparticles; CACNPs, Cationic com-
posite nanoparticles; DAPI, 4ʹ,6-diamidino-2-phenylin-
dole; DMEM, Dulbecco’s Modified Eagle’s Medium; 
DDAB, Didodecyldimethylammonium bromide; DMSO, 
Dimethyl sulfoxide; DSC, Differential Scanning 
Calorimetry; ECM, Extracellular matrix; EE%, 
Entrapment efficiency percentage; FBS, Fetal bovine 
serum; FTIR, Fourier transform infrared spectroscopy; 
GA, Gallic acid; GAPDH, Glyceraldehyde 3-phosphate 
dehydrogenase; HPLC, High performance liquid chroma-
tography; HSC, Hepatic stellate cell; KH2PO4, Potassium 
dihydrogen phosphate; Na2HPO4, Disodium hydrogen 
phosphate; NPs, Nanoparticles; PBS, Phosphate buffer 
saline; PDI, Polydispersity index; PS, Particle size; qRT- 
PCR, Quantitative Real-Time Polymerase Chain Reaction 
System; RBP, Retinol binding protein; RSM, Response 
surface methodology; SA, Stearylamine; SEM, Standard 
error of the means; SRB, Sulphorhodamine B assay; TEM, 
Transmission electron microscopy; TGF-β1, Transforming 
growth factor-β1; VA, Vitamin A; ZP, Zeta potential; α- 
SMA, α-smooth muscle actin; %RSD, Percentage relative 
standard deviation.
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