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Background: Amiodarone (AMD) is a widely used anti-arrhythmic drug, but its adminis-
tration could be associated with varying degrees of pulmonary toxicity. In attempting to 
circumvent this issue, AMD-loaded polymeric nanoparticles (AMD-loaded NPs) had been 
designed.
Materials and Methods: AMD was loaded in NPs by the nanoprecipitation method using 
two stabilizers: bovine serum albumin and Kolliphor® P 188. The physicochemical proper-
ties of the AMD-loaded NPs were determined. Among the prepared NPs, two ones were 
selected for further investigation of spectral and thermal analysis as well as morphological 
properties. Additionally, in vitro release patterns were studied and kinetically analyzed at 
different pH values. In vitro cytotoxicity of an optimized formula (NP4) was quantified using 
A549 and Hep-2 cell lines. In vivo assessment of the pulmonary toxicity on Sprague Dawley 
rats via histopathological and immunohistochemical evaluations was applied.
Results: The developed NPs achieved a size not more than 190 nm with an encapsulation 
efficiency of more than 88%. Satisfactory values of loading capacity and yield were also 
attained. The spectral and thermal analysis demonstrated homogeneous entrapment of AMD 
inside the polymeric matrix of NPs. Morphology revealed uniform, core-shell structured, and 
sphere-shaped particles with a smooth surface. Furthermore, the AMD-loaded NPs exhibited 
a pH-dependent and diffusion-controlled release over a significant period without an initial 
burst effect. NP4 demonstrated a superior cytoprotective efficiency by diminishing cell death 
and significantly increasing the IC50 by more than threefold above the pure AMD. Also, NP4 

ameliorated AMD-induced pulmonary damage in rats. Significant downregulation of inflam-
matory mediators and free radicle production were noticed in the NP4-treated rats.
Conclusion: The AMD-loaded NPs could ameliorate the pulmonary injury induced by the 
pure drug moieties. Cytoprotective, anti-fibrotic, anti-inflammatory, and antioxidant proper-
ties were presented by the optimized NPs (NP4). Future studies may be built on these 
findings for diminishing AMD-induced off-target toxicities.
Keywords: amiodarone, pulmonary toxicity, PLGA, nanoparticles, BSA, cytotoxicity

Introduction
Amiodarone (AMD) is an iodinated benzofuran derivative that is used generally in 
preserving sinus rhythm and controlling ventricular arrhythmias in patients with 
atrial fibrillation. AMD has a non-competitive adrenergic blocking effect of the 
inactivated Na+ channels and it reduces the Ca2+ current, outward and inward 
rectifier K+ current.1 However, low water solubility, high lipophilicity, slow dis-
solution rate, and poor oral bioavailability of AMD have negatively affected its 
pharmacokinetic parameters.2,3 AMD is subjected to enterohepatic cycling after its 
absorption to form an active metabolite (desethyl amiodarone). The implication of 
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this pathway is the prolongation of AMD elimination half- 
life to about 60 days. Hence, accumulation of AMD takes 
place with associated severe side effects in off-target 
organs such as lung, liver, and thyroid gland.4

Pulmonary toxicity is the most dangerous event that 
leads to respiration malfunction or even death.5,6 

Pulmonary toxicities may happen in acute and subacute/ 
chronic patterns. AMD-induced pulmonary toxicity may 
evolve as chronic interstitial pneumonitis or mimic pulmon-
ary fibrosis if not early diagnosed and treated. Also, AMD 
toxicity may induce pleural effusions or thickening.5,7,8 

Routine pulmonary function testing is not accurate enough 
to predict or prevent AMD-induced lung toxicity. Hence, 
the optimal and safe use of AMD in the clinical field 
requires thorough patient monitoring of lung functions that 
could endow early pulmonary toxicity.5

To allocate appropriate solutions to these drawbacks, 
tailored delivery of a drug via nanotechnology-based tech-
niques can be applied. Different systems have been 
exploited to improve the biodistribution of drugs, enhance 
the pharmacological effects, control the release of the 
drug, and limit the expected adverse drug reactions.9–13 

Among the different systems, polymeric nanoparticles 
(NPs) have attracted significant attention over the last 
few decades as multipurpose means for drug delivery 
due to their safety and biodegradability.14 The production 
of NPs is particularly important in combating diseases that 
require long-term therapy such as heart diseases. Poly 
(lactic-co-glycolic acid) (PLGA) is the most interesting 
biodegradable and biocompatible copolymer. It has been 

used in the preparation of NPs to allow a controlled and 
targeted delivery to specific areas.15,16 PLGA is an FDA- 
approved polymer for human use, and hence, several 
PLGA-based formulations are present in the market. The 
percentages of 50% lactic acid and 50% glycolic acid is 
the commonly applied ratio of PLGA in drug delivery. It is 
worth noting that the biodegradation of PLGA occurs in an 
aqueous environment by cleavage of the ester bonds in the 
polymer backbone via bulk erosion. The biodegradation 
results in the production of monomeric acids (lactic and 
glycolic acids).17,18 The final products are safe because 
lactic acid is eliminated from the body via the tricar-
boxylic acid cycle as carbon dioxide and water. Glycolic 
acid is eliminated by either direct renal excretion or the 
tricarboxylic acid cycle.19

For the preparation of NPs, the nanoprecipitation method 
offers diverse advantages such as simplicity, high drug 
entrapment, and the reproducibility of the results.20–22 A 
tensioactive agent (stabilizer) is normally added in the aqu-
eous phase to stabilize the formed NPs by exposing its 
hydrophobic and hydrophilic regions toward the organic 
and aqueous phases, respectively. The type and concentration 
of the stabilizer can significantly influence the properties of 
NPs.23,24 In our study, AMD-loaded NPs were formulated at 
varying levels of Kolliphor® P 188 (K188) and bovine serum 
albumin (BSA) concentrations to illuminate the most effi-
cient characteristics for optimized size, AMD encapsulation, 
and safety. BSA, one of the most abundant proteins, is safe, 
non-immunogenic, soluble in water, biodegradable to pro-
duce harmless degradation products, and thus an ideal 
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candidate for NPs preparation.25,26 K188 is a nonionic tri-
block copolymer comprised hydrophilic blocks (polyethy-
lene oxide, PEO) and hydrophobic ones (polypropylene 
oxide, PPO) in the form of PEO/PPO/PEO. Based on their 
physiochemical properties and biocompatibility, poloxamer- 
based systems are promising candidates in drug delivery.27,28 

It is crucial to assess the biological and toxicological effects 
of NPs via in vitro and in vivo testing for a better under-
standing of NPs-induced responses.29

The present study aimed to develop a nano-carrier of 
AMD with efficient encapsulation, controllable release, 
and potential reduction of pulmonary toxic effects. To 
fulfill this target, AMD-loaded NPs were designed and 
characterized. Physicochemical characteristics of NPs 
could be adjusted by varying the formulation parameters. 
The promising formulations of NPs were subjected for 
additional evaluation regarding spectral and thermal ana-
lysis, morphology, and in vitro release patterns. Further, in 
vitro and in vivo studies were performed on cell lines and 
a rat model, respectively, to compare the toxicological 
profile of encapsulated AMD versus free one.

Materials and Methods
Materials
Amiodarone Hydrochloride (AMD) was obtained kindly 
from Global Napi Pharmaceuticals, Egypt. Purasorb 
PDLGA®5010, Mwt 153 kDa (PLGA50) was kindly 
given by Corbion Biomaterials, Holland. Kolliphor® P 
188, Mwt 7680–9510 Da (K188) was obtained from 
BASF Co., Germany. Bovine serum albumin (BSA) was 
purchased from MP Biomedical LLC, France. Dimethyl 
sulfoxide (DMSO) was procured from Sigma-Aldrich Co., 
Germany. A549 (Human epithelial lung carcinoma) and 
Hep-2 (Human laryngeal epidermoid carcinoma) were 
obtained from Nawah Scientific Inc., Cairo, Egypt. Anti- 
transforming growth factor β1 (TGF-β1) antibody 500- 
M66 was obtained from Santa Cruz Biotechnology Inc, 
USA. Anti-inducible nitric oxide synthase (iNOS) Rabbit 
polyclonal antibody was gained from ABclonal 
Technology Inc., 500W Cummings Park, Ste. 6500, 
Woburn, MA 01801, USA. All supplementary chemicals 
and solvents were of fine analytical grade.

Preparation of AMD-Loaded NPs
AMD-loaded NPs were prepared by the nanoprecipitation 
method after some modifications.30 At a ratio of 10:1, 
PLGA50 (2% w/v) and AMD (0.2% w/v) were dissolved 

in 2 mL of DMSO to obtain a clear solution (organic 
phase). Then, the organic phase was added dropwise into 
an aqueous solution of a stabilizer (40 mL) under magnetic 
stirring (Hot Plate and Magnetic stirrer, Misung Scientific 
Co., LTD, Korea). Two types of stabilizers; K188 and BSA 
were used at three concentrations (0.5%, 1%, and 2% w/ 
w). The compositions of the prepared NPs are shown in 
Table 1. After the complete addition of the organic phase, 
the obtained dispersion was probe-sonicated (Sonics Vibra 
cell, Sonic & Materials, USA) using pulsed mode (1 sec 
On, 2 sec Off) with 750 W Power and 20 kHz Frequency 
at 100% amplitude for 5 min. To allow complete diffusion 
of DMSO, the dispersion was magnetically stirred over-
night at room temperature. The dispersions were filtered 
through a filter paper to eliminate macroparticles if they 
were present. AMD-loaded NPs were separated by centri-
fugation at 10,000 rpm/25 °C for 1 hour (Benchtop 
Centrifuge, Sigma Laborzentrifugen, Germany) and pellets 
were washed once by deionized water (DIW), gathered, 
and kept at −20°C. AMD-loaded NPs were lyophilized 
under reduced pressure and at −80 °C (SIM FD8-8T, 
SIM International, USA). Then, the lyophilized NPs were 
collected and stored at 4 °C for further characterization. 
Corresponding AMD-free NPs (PNPs) were fabricated 
using the above-mentioned procedure without the incor-
poration of AMD.

Characterization of AMD-Loaded NPs
Hydrodynamic Diameter and Surface Charge
Hydrodynamic diameters (PS) and size distribution (PDI) 
of the prepared NPs after appropriate dilution were ana-
lyzed by dynamic light scattering technique (DLS) using 
Zetasizer (Malvern Instruments Ltd, England). The zeta- 

Table 1 Compositions of the Prepared NPs

Formulation  
Code

Ingredients (%w/v)

Organic Phase  
(2 mL)

Aqueous Phase  
(40 mL)

PLGA50 AMD K188 BSA

NP1 2 0.2 0.5 –

NP2 2 0.2 1 –

NP3 2 0.2 2 –
NP4 2 0.2 – 0.5

NP5 2 0.2 – 1

NP6 2 0.2 – 2

Abbreviations: AMD, amiodarone hydrochloride; BSA, bovine serum albumin; 
K188, Kolliphor® P 188; PLGA50, Purasorb PDLGA®5010, Mwt 153 kDa.
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potential (ZP) of NPs was also determined using the same 
apparatus. All measurements were conducted in triplicates 
and were represented as mean ± SD (n=3).

Encapsulation Efficiency, Loading Capacity, and Yield
Clear supernatants that recovered after the centrifugation, 
were used for determining the encapsulation efficiency of 
AMD-loaded NPs (EE%) indirectly. Non-encapsulated 
(free) AMD was measured in the supernatants spectro-
photometrically at 242 nm31 versus supernatants of the 
corresponding AMD-free NPs as blank (UV-VIS Spectro 
double beam, Labomed Inc., USA). After lyophilization, 
the weight of the NPs was determined for the calculation 
of the loading capacity (LC%) and the yield (Y%). The 
outcomes of NP1 and NP4 were promising and therefore, 
they were selected to undergo further investigations (refer 
to Table 1 for compositions of NP1 and NP4). The follow-
ing equations were used for the determination of EE%, LC 
%, and Y%.

EE% ¼
Total AMD � Free AMD

Total AMD
� 100 

Y% ¼
Wt of NPs

Wt of AMDþWt of PLGA50
� 100 

LC% ¼
Total AMD � Free AMD

Wt of NPs
� 100 

Spectral and Thermal Analysis
Attenuated Total Reflectance – Fourier Infrared 
Spectroscopy (ATR-FTIR) 
Pure AMD, PLGA50, binary physical mixture of AMD and 
PLGA50 (AMD+PLGA50), AMD-loaded NPs (NP1 and 
NP4), and corresponding plain NPs (PNP1 and PNP4, 
respectively) were analyzed by FTIR spectrophotometer 
equipped with an attenuated total reflectance (ATR) device 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). The 
sample was positioned on the diamond ATR crystal, cov-
ered with a glass coverslip, and held with a specialized 
clamp. The spectra of the tested samples were acquired 
with a resolution of 4 cm−1 in between 4000 cm−1 and 
500 cm−1.

Thermal Analysis 
The thermal properties of pure AMD, PLGA50, AMD 
+PLGA50, AMD-loaded NPs (NP1 and NP4), and corre-
sponding plain NPs (PNP1 and PNP4, respectively) were 
studied by differential scanning calorimetry (DSC) 

(Differential scanning calorimeter, Pyris 6 DSC, Perkin 
Elmer, USA). Approximately 2 mg of each sample was 
heated in a sealed aluminum pan and an empty pan was 
used as a reference. In a nitrogen atmosphere of 20 mL/ 
min flow rate, thermograms were recorded in the tempera-
ture range of 50–400 °C with a heating rate of 10 °C/min.

Powder X-Ray Diffraction (XRD) 
XRD was applied to estimate the crystallinity of pure 
AMD, PLGA50, AMD+PLGA50, AMD-loaded NPs (NP1 

and NP4), and corresponding plain NPs (PNP1 and PNP4, 
respectively) by X-ray diffractometer (Rigaku Denki, Rint- 
2500VL. Tokyo, Japan). X-ray diffractogram of each sam-
ple was recorded using Cu-Kα radiation (λ = 1.542Å) at 
room temperature in the 2θ ranges from 4° to 55°. The 
voltage and current of X-ray tubes were 45 kV and 40 mA, 
respectively, and the chart speed was 10 mm/s.

Morphology
The morphology of the prepared NPs was investigated by 
using transmission electron microscopy (TEM, JOEL 
1010; JEOL Ltd, Tokyo, Japan). Briefly, an aqueous drop 
of the NPs dispersion was placed on a 200-mesh copper 
grid coated with carbon and the extra liquid was drawn off 
by a filter paper. Then, samples were dried at room tem-
perature to be visualized at a voltage of 200 kV.

Determination of AMD Solubility
The solubility of AMD was determined in distilled water 
and different pH; 1.2 (0.1 N HCl), phosphate buffer at 6.8 
(PB6.8), and phosphate buffer at 7.4 (PB7.4). AMD (20 mg) 
was weighed and placed in a screw-capped tube to which 5 
mL of a solvent were added. Each solvent was repeated in 
triplicates. The tubes were shaken in a thermostated water 
bath (Grant instrument Cambridge Ltd., England) at 37 °C 
± 0.5 °C for 72 h to achieve equilibrium. After that, the 
tubes were centrifuged at 5000 rpm for 30 min to remove 
excess undissolved AMD. Supernatants were separated, 
filtered (OlimPeak, Nylon membrane filters, 0.45 µm, 
Teknokroma, Spain), diluted, and analyzed spectrophoto-
metrically at 242 nm.

In vitro Release Study and Kinetic 
Modeling
In vitro release of AMD from the selected NPs was studied 
using modified Franz cells. The release study was conducted 
in three media with pH values simulating gastric pH (HCl, 
pH1.2) for 2 h, intestinal pH (PB6.8) for 6 h, and physiological 
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pH (PB7.4) for up to 5 days. According to the currently 
published studies on AMD in the literature, the release 
media with different pH values were used.3,9,32–35 Based on 
the results of solubility experiments, the volume of the 
release medium that would be able to achieve the sink con-
dition was placed in the receptor chamber. A pre-equilibrated 
dialysis cellulose membrane (Mw Cut off 12–14 kDa, 
Sigma-Aldrich) was mounted between the donor and recep-
tor chambers. AMD (0.3 mg) or equivalent amounts of 
AMD-loaded NPs were dispersed in 3 mL of distilled water 
and transferred to each donor chamber. The whole system 
was maintained at 37 °C ± 0.5 °C and stirred at 100 rpm in a 
shaking incubator (GFL Gesellschaft für Labortechnik, 
Burgwedel, Germany). At prearranged intervals, a sample 
of 2 mL was withdrawn and replenished with a fresh aliquot. 
The gathered samples were filtered (0.45 μm), appropriately 
diluted, and spectrophotometrically analyzed at 242 nm. 
Each experiment was completed in triplicate and the cumu-
lative released concentration of AMD was calculated at each 
time interval according to the following equation.36

CC ¼ CB þ
VS

VT
∑
n� 1

B¼1
CB 

where CC is the calculated concentration, CB is the mea-
sured concentration, VS is the volume of the withdrawn 
sample and VT is the total volume of the release medium. 
To explain the mechanism of AMD release, release data 
were kinetically analyzed according to zero-order, first- 
order,37 and Higuchi diffusion mechanisms.38 For further 
investigation of release mechanisms, the Korsmeyer– 
Peppas model was applied to determine the diffusion 
exponent (n).39 A model to which the release data were 
best fitted with the maximum correlation coefficient (r2) 
was the one that described the release of AMD. Based on 
the outcomes of the above-mentioned experiments, NP4 

was selected for further evaluation.

In vitro Study of Cell Toxicity
The cytotoxic effects of pure AMD, NP4, and PNP4 were 
studied in vitro using A549 (Human epithelial lung carci-
noma), and Hep-2 (Human laryngeal epidermoid carci-
noma) cell lines. Briefly, the cells were cultured in 
DMEM media complemented with streptomycin (100 
mg/mL), penicillin (100 units/mL), and 10% of heat-inac-
tivated fetal bovine serum in a humidified atmosphere of 
5% (v/v) CO2 at 37 °C. Cell viability was assessed by 
SRB (sulforhodamine B) assay.40,41 Aliquots of 100 µL 
cell suspension (at a density of 5×103 cells/well) were 

seeded into 96-well plates and incubated overnight for 
24 h. Samples of pure AMD, NP4, and PNP4 were ster-
ilized by UV irradiation before use. Afterward, the cells 
were treated with additional aliquots of 100 µL media 
containing pure AMD at concentrations of 0.01, 0.1, 1, 
10, and 100 µg/mL, and the cells were incubated for 72 h 
at 37 °C. AMD-equivalent amounts of NP4 and NP4- 
equivalent amounts of PNP4 were used to prepare the 
above concentration series. After that, the media were 
exchanged with 150 µL of 10% trichloroacetic acid 
(TCA) for fixation, and the cells were re-incubated for 1 
hour at 4°C. The TCA solution was purged, and the cells 
were rinsed carefully five times with distilled water. SRB 
solution (0.4% w/v) was added in aliquots of 70 µL to the 
cells and they were incubated at 25 °C in a dark place for 
10 min. After that, the plates were washed with 1% acetic 
acid thrice and allowed to dry overnight. To dissolve the 
SRB stain bound to proteins, 150 µL of TRIS (10 mM) 
was added. Finally, the absorbance intensity was measured 
spectrophotometrically at 540 nm (A540) using a micro-
plate reader (BMG LABTECH®-FLUO star Omega, 
Ortenberg, Germany). All the experiments were performed 
in triplicate. Representative phase-contrast images of cells 
were captured just before the addition of the SPB reagent 
(Olympus BX 41 microscope, Olympus, USA). The cyto-
toxic effect was expressed as the percent cell viability and 
was used to construct a dose–response curve. Then, the 
half-maximal inhibitory concentration (IC50, the concen-
tration that killed 50% of cells) in comparison with the 
untreated (control) cells was calculated from the dose– 
response curve. The percent cell viability was calculated 
using the following equation.

Cell Viability% ¼
A540 of treated cells
A540 of control cells

� 100 

In vivo Evaluation of the Pulmonary 
Toxicity
Animals
Healthy thirty-two Sprague Dawley male rats (180 and 
220 g) aged 6–8 weeks were randomized into four equal 
groups (n = 8). The procedures were approved by the 
Institutional Research Board IRB, Faculty of Medicine, 
Mansoura University (R.20.04.795.R1) in accordance 
with the “Principles of Laboratory Animal Care” (NIH 
publication #85-23, revised in 1985).
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Formulations and Treatment
The subsequent formulations were tested: AMD suspen-
sion (Group I), placebo PNP4 (Group II), and NP4 disper-
sion (Group III). A control group was involved where 
animals were received distilled water. The treatment regi-
men consisted of once-daily oral administration for 6 
weeks using a dosage level of 3 mg AMD/kg body 
weight.13

Specimen Preparation
By the end of the sixth week, the animals were sedated 
with xylazine (10 mg/kg) and ketamine (50 mg/kg). Then, 
the lung specimens were gently separated and then fixed in 
10% neutral buffered formalin. Then, the specimens were 
embedded in paraffin blocks and cut into 5 µm sections for 
the consequent histopathological and immunohistochem-
ical evaluations (IHC).

Histopathological Evaluation
One group of lung sections was deparaffinized and stained 
routinely with hematoxylin and eosin (H&E). To recognize 
the extent of fibrosis, the sections were stained with 
Masson’s trichrome. Five fields from each section were 
assessed and three sections from each animal were exam-
ined. The slides were photographed (at 400× magnifica-
tion) and scored. The scored elements included alveolar 
capillary congestion, haemorrhage, infiltration of neutro-
phils in the vessel wall, and hyaline membrane formation/ 
thickness of the alveolar wall. Each parameter was graded 
according to a five-point scale as following; 0=minimal 
(little), 1=mild, 2=moderate, 3=severe, and 4=maximal.42

IHC Evaluation
The second group of sections was subjected to IHC esti-
mation of expression levels of TGF-β1 and iNOS. IHC 
staining of anti-TGF-β1 antibody was conducted by the 
streptavidin-biotin technique. Lung sections with 4 μm 
thickness were deparaffinized and incubated with fresh 
hydrogen peroxide in methanol (0.3% v/v) for a half- 
hour at room temperature. Then, the specimens were incu-
bated with an anti-TGF-β1 antibody as the primary anti-
body. Hematoxylin was applied as a counterstain.43 For 
anti-iNOS antibody IHC staining, sections were incubated 
with 10% serum of the animal in which the secondary 
antibodies were formed for 30 min. Then, they were first 
incubated with diluted monoclonal anti-iNOS (1:200) anti-
bodies, in phosphate buffer saline overnight at 4° C, and 
later with biotinylated secondary antibodies followed by 
peroxidase-linked ABC. Controls were performed for 

background staining by substituting the primary antibody 
with phosphate buffer saline.44 The sections were exam-
ined and photographed. Then, the intensity of the IHC 
staining was analyzed by ImageJ analysis (NIH, 
Bethesda, MD, USA) to quantitatively determine levels 
of TGF-β1 and iNOS expression in different groups.

Statistical Analysis
The results were statistically analyzed using GraphPad 
Prism version 8 software (San Diego, CA, USA). Data 
were presented as mean ± SD (standard deviation). 
Shapiro test was used to test the normality of data. Then, 
a one-way ANOVA (followed by multiple comparisons of 
the Tukey’s test) for data expressed in mean ± SD or 
Kruskal Wallis test (followed by post-hoc Dunn’s) for 
data expressed as median (range) was applied. The results 
were considered non-significant when the probability was 
more than 5% (P > 0.05).

Results and Discussion
Preparation and Characterization of 
AMD-Loaded NPs
Hydrodynamic Diameter and Surface Charge
In nanotoxicological researches, evaluating the condition 
of the dispersed NPs has a major consequence for asses-
sing their toxicity.45 Table 2 illustrates the PS, PDI, and ZP 
of the prepared AMD-loaded NPs. BSA or K188 at differ-
ent concentrations were added to the dispersion media to 
consolidate stabilization by prohibiting subsequent 
agglomeration of the NPs. The drug loading and the size 
of NPs as functions of the used concentrations of each 
stabilizer should be considered.46 Our results show that the 
mean PS of NPs was within the nano-range and ranged 
from 175.93±1.75 nm to 217.37±3.21 nm.47–50 Noyes and 
Whitney’s equation indicates that the reduction of PS is 
considered an efficient method to improve dissolution 
characteristics of hydrophobic drugs. Furthermore, the 
great merits of PS of NPs involve decreased uptake by 
the liver, prolongation of blood circulation time, and 
enhancement of drug bioavailability.51 PDI is a sign of 
uniformity and homogeneity of PS where a monodisperse 
distribution has a PDI of zero. However, a dispersibility 
with a PDI value in the range of 0.1 to 0.4 was extensively 
accepted. Our developed NPs exhibited narrow particle 
size distribution; PDI values were not more than 0.2 
(Table 2).
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It could be observed that the increase of K188 or BSA 
concentration from 0.5% to 2% was accompanied by a 
growing the PS of NPs (Table 2). Larger PS of NPs that 
prepared with higher stabilizer concentration could be 
attributed to the higher viscosity of their aqueous phases. 
The high viscosity might reduce the net shear stress during 
emulsification followed by formation of larger nanodro-
plets and larger NPs after solvent evaporation.52,53 

However, larger PS was observed to be accompanied by 
the formation of agglomerates. Interestingly, no agglom-
eration or aggregation was noticed during the preparation 
of NPs using the lowest concentrations of K188 or BSA 
(NP1 and NP4, respectively).

In terms of surface charge, the NP charge whether 
positive or negative is one of the most vital factors affect-
ing the functions of NPs. The ZP of the prepared NPs was 
consistently negative and in the range of −12.7 to −16.67 
mV. The negative ZP values could be attributed to the 
carboxyl-terminal groups of PLGA50, which were able to 
ionize in aqueous media.54 It was reported that NPs with 
negative surface charges had higher kinetic stability than 
the positively charged NPs. At the same time, the nega-
tively charged NPs had reported exhibiting lower cytotoxic 
effects than positive ones.55 Also, it could be noticed that 
the higher ZP value occurred for smaller NPs owing to 
their higher external specific surface area.56 Such findings 
indicated the existence of electric repulsion, potential good 
stability, and accepted dispersion quality of the prepared 
NPs.45

Moreover, the utilization of BSA as a stabilizing agent 
was observed to prohibit the coalescence of small droplets 
completely and provide the kinetic stability of the formed 
NPs. In this sense, BSA acts as a tensioactive agent by 
orienting its hydrophobic and hydrophilic regions toward 
the organic and aqueous phases, respectively.57 It is 
believed that the stability presented by BSA is owing to 
a combination of electrostatic repulsion and steric 

hindrance effects.45 Moreover, poloxamers have nonionic 
amphiphilic molecules that able to create a sort of steric 
barrier to stabilize the formed droplets. Nevertheless, this 
steric repulsion is relatively weaker than the electrostatic 
repulsion.58–60 The steric repulsion of K188 might be not 
sufficient to counteract the entropy cost associated with the 
increase of the surface’s free energy during small droplets 
formation. In other words, the steric stability of the K188- 
stabilized droplets is not the same as the dual stability 
associated with the use of BSA as a stabilizer.28

Encapsulation Efficiency, Loading Capacity, and Yield
EE% is a vital factor in the assessment of drug therapeutic 
consequences.14 Table 2 documents that AMD was effi-
ciently loaded in the prepared NPs as the values of EE% 
ranged from 84.69% to 95.86%. Such higher EE% is 
continuously advantageous to reduce the dose of NPs.61 

Similar trends were reported in the literature.9 This effi-
cient entrapment could be ascribed to the extremely strong 
lipophilicity of PLGA50 as well as AMD. Additionally, the 
hydrophobic fractions of K188 and BSA interpenetrated 
into PLGA50 chains to form interconnected networks 
around the AMD-loaded NPs and thus raised EE% of 
AMD within their core. It was found that as the percentage 
of K188 or BSA increased (0.5% to 2% w/w), EE% of 
AMD within the NPs decreased (Table 2). AMD might 
diffuse out from the nanodroplets to be solubilized as 
micelles with increasing stabilizer concentration in the 
aqueous phase. As more AMD molecules were solubilized 
in the external aqueous phase, the amount of stabilizer 
available at the aqueous/organic interface reduced and 
thus agglomeration of nanodroplets might occur.62,63 The 
LC% of AMD-loaded NPs as shown in Table 2 varied 
between 9.46% and 18.08%. The higher values of EE% of 
NPs might allow an overall their higher loading capacity 
of AMD. Moreover, the prepared AMD-loaded NPs 
showed satisfactory Y% values in the range of 71.64% to 

Table 2 Physicochemical Properties of AMD-Loaded PLGA50 Nanoparticles, Each Formulation Contains 2% PLGA50 and 0.2% AMD, 
(Mean ± SD; n=3)

Formulation Code PS (nm) PDI ZP (mV) EE% LC% Y%

NP1 175.93±1.75 0.10±0.04 −16.30±0.66 89.46±4.29 16.30±1.42 85.91±7.59

NP2 199.37±2.33 0.12±0.01 −14.88±1.14 88.12±1.85 12.22±1.10 78.86±6.73

NP3 217.37±3.21 0.13±0.02 −15.47±1.36 84.69±2.62 11.46±0.75 72.88±8.19
NP4 185.80±1.57 0.09±0.01 −16.67±1.10 95.86±2.24 18.08±0.78 88.93±5.76

NP5 189.33±1.58 0.14±0.04 −12.70±0.62 93.25±3.88 11.26±0.75 75.53±6.62

NP6 202.07±0.23 0.18±0.02 −15.20±1.14 84.89±2.80 9.46±0.59 71.64±7.49

Abbreviations: EE%, percent entrapment efficiency; LC%, percent loading capacity; PDI, polydispersity index; PS, particle size; Y%, percent yield; ZP, zeta potential.
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88.93% indicating appropriateness of the preparation con-
ditions. Moreover, AMD was successfully encapsulated in 
NPs up to 95.86 (Table 2). Hence, worthy EE% of AMD 
might contribute to the reasonable values of Y%.

From the above-mentioned results, it could be con-
cluded that NP1 and NP4 achieved the smallest mean PS 
of 175.93 and 185.80 nm with the highest EE% of 89.46% 
and 95.86%, respectively. Moreover, NP1 and NP4 exhib-
ited satisfactory values of ZP, PDI, LC%, and Y%. Hence, 
subsequent experiments were conducted using these two 
formulations.

Spectral and Thermal Analysis
ATR-FTIR 
ATR-FTIR spectroscopy enables the creation of chemical 
fingerprints of individual samples to monitor the possibi-
lity of interaction between them. The unique molecular 
vibrations of a system can be allocated to individual com-
ponents within that system.64 Figure 1 shows the FTIR 
spectra of pure AMD (A), PLGA50 (B), AMD+PLGA50 

(C), NP1 (D), PNP1 (E), NP4 (F), and PNP4 (G). The 
spectrum of AMD (Figure 1A) revealed the presence of 

absorption bands between 2850 and 3250 cm−1 that could 
be attributed to the stretching of aromatic and aliphatic C– 
H bonds, respectively. The characteristic peaks at 2460 
and 2570 cm−1 were ascribed to the tertiary amine. The 
carbonyl group of di-iodophenyl ketone moiety exhibited a 
strong absorption band at 1630 cm−1. Peaks at 1249 and 
1026 cm−1 were attributed to ether C–O–C stretching and 
furan ring vibration, respectively. Stretching of the C–I 
bond could be detected at 613 cm−1.31,35,65 Figure 1B 
shows the FT-IR spectrum of PLGA50 with characteristic 
peaks at 1748 cm−1 (C=O group). Also, bending vibration 
of the aliphatic –CH3 and –CH2 groups appeared at 1453, 
1387, and 1271 cm−1. Bands at 1180 and 1084 cm−1 could 
be correlated to the stretching of the C–O–C link. 
Absorption peaks between 2850 and 3000 cm−1 were 
assigned to stretching vibrations of aliphatic C–H.36 The 
spectrum of AMD+PLGA50 (Figure 1C) illustrates the 
bands of PLGA50, while AMD’s bands appeared with 
reduced intensities or even disappeared as a consequence 
of its dilution by PLGA50. Likewise, the FTIR spectra of 
PNP1 and PNP4 (Figure 1E and G, respectively) coincide 
with that of the physical mixture. BSA-related peaks dis-
played in the spectrum of PNP4 (Figure 1G) at 3289 cm−1 

(N–H stretching of amide I), 2945 cm−1 (N–H stretching 
of amide II), 1647 cm−1 (–NH2 amide I, C=O stretching), 
1538 cm−1 (stretching of C–N and N–H bending in amide 
II), 1396 cm−1 (–CH2) and 1272 cm−1 (stretching of C–N 
and N–H bending in amide III).66,67 Figure 1D and F show 
that the characteristic peaks of AMD disappeared in medi-
cated NPs spectra of NP1 and NP, respectively. The 
absence of AMD characteristic peaks could indicate 
entrapment of AMD within cores of the medicated NPs 
instead of its attachment to the NPs surface. Hence, it 
supposed that the washing step during the preparation of 
NPs was efficient enough for the removal of surface- 
attached AMD molecules.68

Thermal Analysis 
DSC is an important thermal analysis tool to define any 
possible change in the physical states of the individual 
components. Also, the crystalline or amorphous behavior 
of the AMD-loaded NPs could be checked by DSC.68 

Figure 2 displays DSC thermograms of pure AMD (A), 
PLGA50 (B), AMD+PLGA50 (C), NP1 (D), PNP1 (E), NP4 

(F), and PNP4 (G). The crystalline state of pure AMD was 
demonstrated by a single endothermic peak at 161.63°C 
which was close to its melting point (Figure 2A).3,35,69 

Other peaks at 296.6°C and 317.27°C might be ascribed to 
Figure 1 FTIR spectra of pure AMD (A), PLGA50 (B), AMD+PLGA50 (C), NP1 (D), 
PNP1 (E), NP4 (F), and PNP4 (G).
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AMD decomposition.70 A broad endothermic peak at 
275 °C could be observed in the thermogram of PLGA50 

(Figure 2B). The absence of a melting point in the PLGA50 

thermogram had indicated the amorphous nature of the 
polymer.71,72 Regarding AMD+PLGA50, the endothermic 
peak of PLGA50 was noticed at its corresponding position 
with the absence of those of AMD, owing to the dilution 
factor (Figure 2C). Remarkably, the thermograms of 
AMD-loaded NPs (Figure 2D and F) and plain NPs 
(Figure 2E and G) matched each other regarding the lack 

of distinctive melting peaks indicating the absence of 
crystallinity. As well, the vanishing of the AMD peak at 
161.63 °C was evident in the thermograms of NP1 and 
NP4. This finding suggested the homogeneous entrapment 
of AMD throughout the polymeric matrix of NPs to form 
amorphous molecular dispersions.68,73,74

Powder X-Ray Diffraction (XRD) 
XRD study is used as an analytical tool for the determina-
tion of the crystallinity degree, amorphousness, or bound 

Figure 2 DSC thermograms of pure AMD (A), PLGA50 (B), AMD+PLGA50 (C), NP1 (D), PNP1 (E), NP4 (F), and PNP4 (G).
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form.75 Overlaid X-ray diffraction patterns of AMD (A), 
PLGA50 (B), AMD+PLGA50 (C), AMD-loaded NPs (D 
and F), and the corresponding PNPs (E and G) are pre-
sented in Figure 3. Accordingly, AMD exhibited distinc-
tive sharp peaks at 2θ scattered angles 10.566°, 16.382°, 
18.974°, 21.663°, 23.633°, 28.352°, and 38.560° suggest-
ing a crystalline structure and small peaks at different 
diffraction angles (Figure 3A). Likewise, peaks were 
noted for PLGA50 and AMD+PLGA50 at lesser intensity 
(Figure 3B and C). Meanwhile, the diffraction peaks of 
both plain and AMD-loaded NPs were wider, less sharp, 
and demonstrated more diffuse X-ray scattering than 
PLGA50 (Figure 3D, E, and G), possibly because of 
reduced PS.76 Nonetheless, no characteristic crystalline 
peaks were noticed in the diffraction pattern for NP4 as 
depicted in Figure 3F. This implies that AMD was mole-
cularly dispersed throughout the polymeric matrix or was 
in an amorphous state with simple diffusion.77 Besides, the 
lack of crystalline structure in NP1 and NP4 might reduce 
the tendency of the encapsulated drug to be expelled dur-
ing storage, consequently keeping high drug-loading capa-
city. These findings confirmed that those formulations may 
lose their crystalline structure during preparation processes 
as a consequence of particle size reduction, which pro-
duces considerable effects on the solubility and bioavail-
ability of poorly soluble drugs.78

Morphology
Morphological characteristics of NP1 and NP4 were inves-
tigated by TEM and shown in Figure 4A and B, 

respectively. The morphology of K188-stabilised NPs 
(NP1) shows a high degree of shape variation (Figure 4A). 
On the other hand, NP4 has a distinctive and uniform 
spherical shape comprised a dark core with a smooth sur-
face and thick shell. This shell confirmed the existence of 
BSA layers around the particles. The thickness of the BSA- 
adsorbed layer can be observed which indicates that BSA 
sufficiently offered an efficient steric stabilization to the 
surface of NP4 (Figure 4B). It had been reported that an 
adsorbed macromolecule layer on the NPs surfaces was 
principally responsible for steric repulsion and stabilization 
effect. The magnitudes of these effects are dependent upon 
the adsorption affinity of macromolecules to the surface as 
well as their molecular structures.79,80 It was verified that 
K188 can bind to the PLGA NPs surface via hydrophobic 
interaction of the PPO moieties, even though the hydrophi-
lic PEO moieties protrude into the surrounding aqueous 
medium to establish a steric barrier.81 Compared with 
K188 getting a relatively linear structure,28 protein mole-
cules of BSA have a more compact globular construction 
after its adsorption onto the hydrophobic surfaces owing to 
dehydration of protein amino acids. This compact layer 
could impart longer-range steric repulsive forces on NP 
surfaces with more uniform assembly.79,82

Notably, TEM showed that the PS of the NPs was 
smaller (<200 nm) than that measured by DLS (Figure 4 
and Table 2). This difference could be principally attrib-
uted to the fact that the DLS-based measurement of the 
hydrodynamic radius encloses the double solvation layer. 

Figure 3 X-ray diffraction patterns of AMD (A), PLGA50 (B), AMD+PLGA50 (C), NP1 (D), PNP1 (E), NP4 (F), and PNP4 (G).
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On the other hand, TEM was performed on dried samples 
of NPs with depletion of surface ions and solvent mole-
cules. Accordingly, the actual diameter assessed by TEM 
is found generally smaller than that of DLS. Comparable 
judgments and elucidations have been recognized in the 
literature for PLGA-based NPs.83

Determination of AMD Solubility
The solubility study was implemented to study the effect 
of pH on the solubility of AMD. Table 3 shows that the 
solubility values of AMD were 0.4855, 0.0615, 0.0430, 
and 0.003 mg/mL in distilled water, pH1.2, PB6.8, and 
PB7.4, respectively. It was evident that AMD demonstrated 
the highest solubility in distilled water (pH 5.5) and lower 
solubilities in the other media. The lower solubility of 
AMD at the pH values of pH1.2, PB6.8, and PB7.4 might 
be attributed to the effects of the dissolved anions and 
cations in these media.84 The fall in solubility at pH1.2 

might be clarified by the common ion effect. As the salt 
form of AMD is hydrochloride and pH1.2 media contained 
chloride ions too, the degree of dissociation of AMD salt 
and its solubility diminished by the chloride ion effect.84 

By looking at the molecular structure of AMD, the basic 

tertiary amine side chain was supposed to be ionized in 
pH1.2 which in turn was responsible for the higher AMD 
solubility than PB6.8 and PB7.4. The phenomenon of the 
remarkable drop of solubility in PB6.8 and PB7.4 could be 
attributed to that in a media with a pH value equal to or 
higher than pKa of AMD (6.56 ± 0.06), the molecule stays 
in a unionized form with reduced solubility.32 Based on 
the obtained results, it was inferred that the solubility of 
AMD is a pH-dependent one. This phenomenon could be 
used later to understand the AMD-release pattern in dif-
ferent media.

In vitro Release
The in vitro release behavior of AMD was expressed in the 
form of a cumulative percentage released as shown in 
Figure 5. The release of AMD was investigated at con-
secutive values of pH; pH1.2, PB6.8, and PB7.4 representing 
the physiological fate of NPs across the stomach, intestine, 
and blood, respectively. It has been well recognized that 
the average residence time in the stomach is 2 h. So, the 
release of AMD was conducted at pH1.2 for 2 h and then 
PB6.8 was used to foresee the release in the other parts of 
the gastrointestinal tract (GIT). Besides, pH7.4 was utilized 
to observe the possible release patterns upon absorption of 
the NPs to reach the circulatory system.85,86

As depicts in Figure 5A, marked fast release rates of 
34.3% and 88.5% were exhibited by pure AMD at pH6.8 

(up to 8 h) and pH7.4 (up to 5 days), respectively. 
Conversely, a slow release of AMD from NP1 and NP4 

was observed at simulated gastric pH to reach 16.8% and 
18.1%, respectively, with no noteworthy burst release 
(Figure 5B and C). The sustained initial pattern of release 

Table 3 Solubility Values of AMD in Different Dissolution Media 
at 37 °C ± 0.5 °C, (Mean ± SD; n=3)

Dissolution Media Solubility (mg/mL)

Distilled water 0.4855±0.016

Acid buffer pH1.2 0.0615±0.001
Phosphate buffer pH6.8 0.0430±0.006

Phosphate buffer pH7.4 0.003±0.0006

Figure 4 TEM images of NP1 (A) and NP4 (B).
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may be attributed to that almost all AMD was successively 
entrapped within the cores of the medicated NPs. This 
verdict was found to be harmonic with our early discussed 
findings under the NPs characterization section. If a drug 
is not efficiently entrapped, the disadvantageous early and 
premature release will happen.74,87 It has been documen-
ted that a compact polymeric coat around a drug can 
sustain its release.74 Nevertheless, slow degradation of 
PLGA50 occurs through water invasion to the polymeric 
matrix followed by hydrolysis of the ester bonds. This 
process leads to the creation of pores through them and 
hence the entrapped drug can release.87–89 The drug 
release is regulated also by its physicochemical properties 
and hence the observed slow release of pure AMD (13% 

after 2 h in pH1.2) could be related to its poor aqueous 
solubility as indicated in Table 3. 11,31 At pH6.8, further 
release of AMD from NP1 and NP4 continued in the same 
slow manner to reach 20.5% and 26.3%, respectively, by 
the end of the eighth hour. After that, higher amounts of 
AMD (30.4% and 51.4%) were released from the medi-
cated NPs (NP1 and NP4, respectively) at pH7.4.

Considering the acquired results, we concluded that the 
release patterns of AMD-loaded NPs exhibited controlled 
delivery manners. However, the percentages of AMD 
released from NPs at pH6.8 and pH7.4 were higher than 
the corresponding ones at pH1.2. It could be observed that 
the release of AMD from NP4 took place in a more likely 
pH-dependent manner than that of NP1. Poloxamers are 

Figure 5 The in vitro release profiles of AMD from its suspension (A) and the selected NPs; NP1 (B) and NP4 (C).
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nonionic surfactants and can be adsorbed to the NPs sur-
face by hydrophobic interaction in the form of micellar- 
like aggregates.27,90 Due to the absence of ionizable 
groups, the poloxamers showed no changes in their aggre-
gation behavior over a wide pH range.91

On the other hand, the adsorption of BSA onto the 
surface of NPs is driven by hydrophobic, electrostatic 
interactions, and hydrogen bonding.92 Hence, modification 
of the BSA charge influences its adsorption capability on 
the solid surface of NPs. At gastric pH (pH1.2), BSA would 
be more positively charged due to the value of pH is lower 
than its isoelectric point (pH 5).93,94 As PLGA50 NPs were 
found to be negatively charged (the carboxyl-terminal 
groups), the further attraction between BSA and the sur-
face of NP4 might be enhanced with expected retardation 
of AMD release in gastric pH. It has been reported that 
BSA at neutral pH is highly negatively charged indicating 
that the electrostatic interaction is insignificant. Hence, the 
adsorption force between BSA and PLGA50 was reduced 
because it was controlled only by the hydrophobic inter-
action and hydrogen bonding.92 In such a situation, the 
incidence chance of AMD release to occur in the intestine 
increased, which is the preferable site for drug release.

We hypothesized that the release of AMD from NPs 
might start in the lumen of the gastrointestinal tract. 
Overall, the average optimal reported size for NP transcy-
tosis in gastrointestinal applications appears to be prefer-
entially ranged from 100 to 500 nm. For NPs larger than 
500 nm, they cannot be absorbed as intact particles.95–99 

Based on their PS (not more than 190 nm) as stated under 
Hydrodynamic Diameter and Surface Charge, NPs could 
transport across the gastrointestinal tract by passive diffu-
sion, reach the systemic circulation, and then release 
further AMD. Our release finding showed that the AMD- 
release can occur under the intestinal and physiological 
conditions. This result was expected to be optimistic 
because the release in the high surface area of the intest-
inal environment could support the systemic absorption of 
AMD. Additionally, it had been reported that orally deliv-
ered PLGA-based NPs with a size lower than 500 nm can 
escape the intestinal wall enzymes that mediate metabo-
lism and the gastrointestinal tract excretion facilitated by 
P-glycoprotein.100

The in vitro release data were fitted to the kinetic 
models as listed in Table 4. It was observed and concluded 
that the Higuchi model gave the highest value of r2 at 
different pH values. Additionally, the AMD-release kinetic 
model of NP1 at pH6.8, NP4 at pH1.2, and both medicated 

NPs at pH7.4 fitted well with Fickian-diffusion (n < 0.5). 
However, NP1 followed non-Fickian diffusion (anoma-
lous) model (0.5<n< 1) at pH1.2. In general, the Fickian 
mechanism indicates that the release of the drug is mainly 
mediated by its diffusion across the polymeric matrix. 
While non-Fickian one signifies that the release was con-
trolled by both drug diffusion and polymer erosion.

When we took all the obtained outcomes together, it 
was concluded that NP4 was a promising delivery system 
of AMD and hence it deserved to undergo further studies.

In vitro Study of Cell Toxicity
This experiment was conducted to explore the cytotoxicity 
induced by AMD on cultured cells.7 The impacts of AMD 
were assessed on the inhibition of cell proliferation using 
the SRB colorimetric assay. This method is based on the 
ability of the SRB dye to attach to the basic amino acid 
residues of proteins. Compared to other assay methods, the 
SRB one has superior cell line-independent staining 
accompanied with higher sensitivity and linearity with 
cell number.101 For toxicity screening, fast-growing robust 
cell lines are often employed. In consequence of a higher 
rate of proliferation and metabolic activity of cancer cell 
lines, they are more resilient to NPs toxicity than normal 
ones. To discover the precise effects of NPs on specific 
organs, the cytotoxicity assay must involve cells that 
represent the exposure route and the targeted organs.102,103 

As pulmonary toxicity is the most serious toxic concern of 
AMD, the potential cytotoxic effects of pure AMD, NP4, 
and PNP4 were monitored using A549, and Hep-2 cell 
lines.

The percentages of cell viability are illustrated in 
Figure 6. Moreover, demonstrative phase-contract images 
were taken, and they were used to analyze the cellular 
morphology of the treated cell lines after exposure to the 
tested formulations for 72 h. Table 5 documents the values 
of IC50 of NP4, PNP4, and AMD in the studied cell lines. 
It was evident that free AMD treatment caused a marked 
decline in cell viability in a dose-dependent fashion. The 
IC50 values of AMD were 10.49 and 9.5 µg/mL for Hep-2 
and A549, respectively (P <0.05). Also, the obtained data 
have shown that the percentages of cell viability were 
noticeably enhanced when the cell lines were treated 
with the AMD-equivalent concentrations of NP4. The 
values of IC50 significantly increased by more than three-
fold to reach 47.89 µg/mL, and 30.46 µg/mL for A549, 
and Hep-2 cell lines, respectively (P <0.0001). The 
marked increase of IC50 of NP4 indicates a cytoprotective 
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behavior of our developed system. The AMD-free NPs 
(PNP4) had no noticeable cytotoxic effect on all the treated 
cells. The harmlessness of PNP4 may be ascribed to the 
good biocompatibility and biodegradability of PLGA50.

The morphological changes of A549 and Hep-2 cell 
lines are shown in Figure 7. The morphology was analyzed 
through phase-contrast microscopy after the treatment with 
100 µg/mL of pure AMD, NP4, and PNP4 for 72 h. The 
alterations in the morphology of cells were compared 
relative to control cells (untreated). Figure 7 depicts the 

control cells, which maintained their normal morphology 
with typical viability and high confluency of monolayer 
cells. The treated cells showed different cellular structures. 
The free AMD-treated cell lines displayed extensive 
growth inhibition and offered nearly complete cell death. 
On the other hand, the NP4- and PNP4-treated cells 
showed a reduction in cell volume and cell shrinkage. 
PNP4 caused fewer morphological changes compared to 
NP4 which exhibited some apoptotic characteristics like 
losing contact between neighboring cells. Hep-2 was the 

Table 4 Release Kinetics of in vitro Release Data

Release Media Model Formulation Code

AMD NP1 NP4

Simulated gastric pH Zero 0.7262 N/A 0.7680

First 0.7373 N/A 0.7881

Higuchi 0.9376 N/A 0.9634

Release order Diffusion Diffusion

K-P

r2 0.8338 N/A 0.9429

N 0.38 N/A 0.33

Mechanism Fickian — Fickian

Simulated intestinal pH Zero 0.9674 0.5442 0.9479

First 0.9854 0.5547 0.9560

Higuchi 0.9669 0.8350 0.9822

Release order Dissolution Diffusion Diffusion

K-P

r2 0.9822 0.6238 0.8920

N 0.78 0.15 0.62

Mechanism Non-Fickian Fickian Non-Fickian

Physiological pH Zero 0.5854 0.8286 0.8966

First 0.6118 0.8404 0.9254

Higuchi 0.7147 0.8694 0.9461

Release order Diffusion Diffusion Diffusion

K-P

r2 0.8186 0.8894 0.9588

N 0.20 0.14 0.23

Mechanism Fickian Fickian Fickian

Notes: The underlined values are the highest r2 of each formula at the specified pH value. 
Abbreviations: K-P, Korsmeyer–Peppas model; n, the diffusion exponent; r2, correlation coefficient; N/A, not applicable.
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most sensitive cell line with a marked reduction of cell 
number (Figure 7). This finding was agreeable with the 
above-observed pattern of cell viability and IC50 
(30.46 µg/mL).

The AMD-induced cytotoxic effects were clear when 
the drug was present in its free form (un-capsulated 
form). In vitro cytotoxicity of AMD was reported by 
several researchers via different mechanisms.7,104 AMD 
disrupts the potential of the mitochondrial membrane 

and decreases the cellular ATP levels in lung cells. 
Such a mitochondrial dysfunction is a key for the initia-
tion of AMD-induced pulmonary cytotoxicity.105 Also, 
AMD increases the levels of oxidized glutathione and 
the reactive oxygen species (ROS) in lung tissues.106 At 
the same time, the above-mentioned results proved the 
ability of AMD-loaded NPs to protect lung cells against 
the cytotoxic properties of free AMD. The cytoprotec-
tive effect of NP4 could be attributed to the successful 
encapsulation of AMD within the core of NP4. Hence, 
diffusion of AMD out to the media was slow and gra-
dual from the polymeric matrix (see ‘In vitro Release’ 
section). Such a case offered a brilliant chance to the 
cells to accommodate their exposure to the diffused 
amounts of AMD as well as tolerate the associated 
negative consequences. Similar findings were observed 
by other investigators.107–109

From the cytotoxic assays and the images of phase 
contrast microscopy, it could be established that the plain 
NPs (PNP4) were biosafe and non-toxic. A similar out-
come was reported in another study.110 This could be 
attributed to the biocompatibility of PLGA that was illu-
strated early in this study. At the same time, encapsulated 
AMD (NP4) demonstrated a cytoprotective efficiency by 
diminishing the pure AMD-induced cell death. Hence, NP4 

can be used as a novel carrier of AMD. However, further 
in vivo studies on experimental animals are conducted 
soon for more investigation of the biosafety of the 
AMD-loaded NPs.

In vivo Evaluation of the Pulmonary 
Toxicity
Histopathological Evaluation
Histopathological examination of lung tissues revealed the 
normal pulmonary architecture of the control group. The 
alveolar epithelium, consisting of type I and type II pneu-
mocytes, lined up the lung alveoli. The alveoli were sepa-
rated from each other by thin interalveolar septa (IAS) 
(Figure 8A). Lung sections of Group I (AMD suspen-
sion-treated animals) showed distortion of normal lung 
architecture with congestion of blood vessels, extravasa-
tion of red blood cells (RBCs) into the surrounding struc-
ture, and thickening of IAS. Also, peri-bronchial 
mononuclear cellular infiltration, epithelial shedding from 
thickened bronchial epithelium, was seen in the thickened 
IAS of the Group I animals (Figure 8B). Some bronchioles 
showed the shedding of the epithelial cells into their 
lumen. These findings were consistent with other scholars 

Figure 6 Cell viability of A549 (A), and Hep-2 (B) after treatment with pure AMD, 
NP4, and PNP4 for 72 h.

Table 5 IC50 of NP4, PNP4, and AMD in the Studied Cell Lines 
After 72 h

Formula IC50 (µg/mL)

A549 HEp-2

NP4 47.89 ± 0.6 30.46 ± 1.1

PNP4 >100 >100

AMD 9.5 ± 0.58 10.49 ± 0.13

Abbreviations: IC50, the concentration that killed 50% of cells; A549, human 
epithelial lung carcinoma; Hep-2, human laryngeal epidermoid carcinoma.
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who noticed similar changes.8,43,111–115 Both mononuclear 
cellular infiltration and IAS thickening reduced noticeably 
in the animals of Group III treated with NP4 dispersion 

(Figure 8D). Minimal signs of the above elements were 
observed in the placebo-treated animals (Group II) 
(Figure 8C).

Figure 7 The morphological changes of A549, and Hep-2 after treatment with pure AMD, NP4, and PNP4 for 72 h. 
Notes: Control cells show normal morphology with typical viability, the AMD-treated cells are almost dead with an obvious decline in number, the NP4-treated cells show a 
reduction in volume and cellular shrinkage, PNP4 caused fewer morphological changes compared to NP4 with some apoptotic characteristics and losing contact between 
neighboring cells. 100×.
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Lung sections stained with Masson’s trichrome 
revealed few collagenous fibers in the alveolar wall of 
both control and Group II (Figure 9A and C, respectively). 
On the other hand, conspicuous fibrous tissue deposition 
around bronchioles and in the alveolar wall of the Group I 
animals were observed (Figure 9B), especially around 
bronchioles. This agreed with other studies that reported 
the presence of areas with marked collagenous fibers 
deposition in the alveolar interstitial tissues and IAS in 
AMD-treated animals.8,112,113,116,117 Comparatively, the 
Group III animals exhibited less fibrous tissue deposition 
(Figure 9D).

Table 6 shows the scoring results of the lung sections. 
The obtained findings demonstrated that capillary conges-
tion was significant in both Group I and Group III 
(P<0.0001 and P<0.05, respectively) and non-significant 
(P>0.05) in Group II compared to the control group. 
Significant hemorrhage was discovered in the animals of 
I and III groups (P<0.001 and P<0.05, respectively) and 
non-significant hemorrhage (P>0.05) in the Group II ani-
mals when related to the control group. Similarly, Group I 
and Group III exhibited significant infiltration of inflam-
matory cells (P<0.0001 and P<0.05, respectively) while 

the Group II animals showed non-significant infiltration 
(P>0.05) in comparison to the control group. A significant 
increase in the thickness of IAS was recorded in the Group 
I animals (P<0.0001) compared to the control group, but 
the increase in thickness was not significant in the Group 
II and Group III animals (P>0.05) (Table 6).

The above findings indicated that the direct exposure to 
pure AMD (Group I) resulted in evident toxic effects on the 
alveolar interstitial tissue and the wall of the pulmonary 
blood vessels (congestion and extravasation of RBCs) with 
a marked fibrous tissue deposition, especially around 
bronchioles. Different scenarios of AMD-induced pulmon-
ary toxicity were reported.118 After AMD administration, 
pulmonary hypertension and smooth muscle proliferation 
were developed with consequent deposition of collagen 
and thickening of the vessel wall. The established vascular 
modification was characterized by the activation of endothe-
lial cells and the infiltration of inflammatory cells; primarily 
lymphocytes and macrophages engulfed the extravasated 
RBCs.113,116,119 A homogeneous interstitial exudate might 
precede the inflammatory bronchial and vascular cellular 
infiltration. After that, inappropriate tissue restoration and 
unsuccessful epithelial regeneration might result in 

Figure 8 Microphotographs of H&E stained-lung sections of the control and the treated groups. 
Notes: Control (A), Group I (B), Group II (C), and Group III (D). In control and Group II, type I pneumocytes (arrowheads) and type II pneumocytes (zigzag arrows) line 
up alveoli (a) with interalveolar septa (I). Group I shows extravasation of some red blood cells (empty arrowheads) from the congested blood vessels (c). Thickened 
interalveolar septa were markedly infiltrated by mononuclear cells (arrows) especially around bronchioles (b) which shows thickening of epithelium with the shedding of 
some cells (empty arrow). Group II shows minimal thickening and cellular infiltration of interalveolar septa. In Group III, cellular infiltration and septal thickening are less 
marked than Group I. H&E, 400×. 
Abbreviations: H&E, hematoxylin, and eosin.
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obliteration of bronchiolar lumen and the development of 
non-specific interstitial pneumonitis.113,120–122 Additionally, 
AMD was reported to induce pulmonary fibrosis by an 
unplanned proliferation of fibroblasts followed by their 
differentiation into myofibroblasts, and massive production 
of extracellular matrix components (ECM).123–125

To sum up, it was found that the exposure of lung 
tissues to the free AMD resulted in extreme toxic mani-
festations. Instead, NP4 ameliorated the AMD-induced 
pulmonary damage in the treated animals. Such a finding 
indicated that the incorporation of AMD in the PLGA- 
based NPs could restrain its toxic influences on the lung 
tissues. Besides, it was reported that PLGA-based NPs 
showed an anti-fibrotic activity against pulmonary 
fibrosis.126,127

IHC Evaluation
The IHC-stained sections with anti-TGF-β1 antibodies 
revealed minimal reaction in both the control 
(Figure 10A) and Group III (NP4 dispersion-treated ani-
mals) (Figure 10D) groups. The immunoreactivity was the 
strongest in the animals treated with pure AMD (Group I) 
(Figure 10B). The placebo group (PNP4-treated animals) 
showed the lowest expression of TGF-β1in the lung cells 
(Figure 10C). The reaction to anti-iNOS antibodies was 

minimal in both the control (Figure 11A) and Group III 
(Figure 11D), moderate in Group II (Figure 11C), and 
strong in Group I (Figure 11B).

Table 7 documents the expression levels of TGF-β1and 
iNOS in the control and the treated groups. Among the 
studied groups, a marked increase in the expression levels 
of both TGF-β1and iNOS (12.34 ± 0.87 and 12.65 ± 0.86, 
respectively) could be observed in Group I. On the other 
hand, the placebo group (Group II) presented the lowest 
expression levels of both TGF-β1and iNOS (3.72 ± 0.33 
and 1.96 ± 0.17, respectively). The expression levels of 
TGF-β1and iNOS were 6.85 ± 0.31 and 3.04 ± 0.26, 
respectively, in Group III (Table 7). The statistical analysis 
revealed that treating animals with NP4 dispersion (Group 
III) and placebo formula (Group II) resulted in a significant 
reduction in the expression levels of TGF-β1 (P<0.0001) in 
comparison to the pure AMD treatment (Group I). 
Additionally, the Group II animals exhibited a much lower 
expression level of TGF-β1 than the corresponding one of 
Group III (P<0.0001). Similarly, the expression levels of 
iNOS were significantly diminished in Group III and Group 
II in comparison to the corresponding level of Group I 
(P<0.0001). In comparison to the control group, both 
Group II and Group III displayed a significant decline in 
the expression levels of iNOS (P<0.0001).

Figure 9 Microphotographs of Masson’s trichrome stained-lung sections of the control and the treated groups. 
Notes: Control (A), Group I (B), Group II (C), and Group III (D). Few collagenous fibers (arrows) are in the alveolar wall (a) of both control and Group II. Noticeable 
fibrous tissue deposition (arrowheads) looks around bronchioles (b) and in the alveolar wall of Group I. Less amount of fibrous tissue is observed (arrowheads) around 
congested blood vessels (c) in Group III. Masson’s trichrome, 400×.
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In the present study, IHC stained sections revealed a 
stronger reaction for anti-TGF-β1 antibodies in the pure 
AMD-treated group. Similar results were obtained by 
other researchers who reported an elevation of the TGF-β1 
expression after AMD administration, accompanied by 
excessive α-smooth muscle actin (α-SMA) expression.-
43,114,128 TGF-β1 is a key pro-fibrogenic cytokine that 

promotes collagen accumulation in numerous aspects. It 
stimulates the differentiation of fibroblasts into myofibro-
blasts, enhances collagen production, and reduces collage-
nase activity.43 TGF-β1 stimulates the production of ROS 
through the activation of NADPH oxidases and mitochon-
drial dysfunction.129 Also, TGF-β1 diminishes the expres-
sion of the mitochondrial lung superoxide dismutase (SOD) 

Table 6 Scoring the Lung Sections of the Studied Groups

Groups Capillary Congestion Hemorrhage Infiltration IAS Thickening

Group I Median 2a,n 1$ 3¥,§ 3σ,ƒ

Range (2–3) (1–2) (2–3) (2–3)

Group II Median 1b,* 0.5#,€ 1† 1ø

Range (0–1) (0–1) (0–1) (0–1)

Group 
III

Median 1c,m 1£,€,@ 1.5**,‡ 1ø,&

Range (1–2) (0–2) (1–2) (1–2)

Control Median 0 0 0 0
Range (0–1) (0–1)

Kruskal–Wallis test P <0.0001 P <0.01 P <0.0001 P <0.0001

Notes: Each value represents Median (Range); n = 32, aP<0.0001; bP>0.05; cP<0.05 vs corresponding value of Control group, nP<0.01 vs corresponding value of Group II, 
*P>0.05 vs corresponding value of Group III, mP>0.05 vs corresponding value of Group I, $P<0.01; #P>0.05; £P<0.05 vs corresponding value of the control group, €P>0.05 vs 
corresponding value of Group I, @P>0.05 vs corresponding value of Group II, ¥P<0.01 vs corresponding value of Group II, §P<0.0001 vs corresponding value of the control 
group, **P<0.05 vs corresponding value of the control group, †P>0.05 vs corresponding value of the control group, ‡P>0.05 vs corresponding values of Group I and Group II, 
σP<0.0001; øP>0.05 vs corresponding value of control groups, ƒP<0.01 vs corresponding value of Group II, &P>0.05 vs corresponding values of Group I and Group II. 
Abbreviations: H&E, hematoxylin, and eosin; IAS, Intra alveolar septa.

Figure 10 Microphotographs IHC estimation of TGF-β1 expression in rat’s lung sections of the control and the treated groups. 
Notes: Control (A), Group I (B), Group II (C), and Group III (D). The reaction is minimal in both control and Group III. As indicated by arrows, strong expression is 
observed in Group I, but it is less marked in Group II. IHC counterstained with hematoxylin, 400×. 
Abbreviations: IHC, immunohistochemical; TGF-β1, anti-transforming growth factor ß1.
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and catalases.130 Furthermore, upregulation of TGF-β1 
expression suggested a positive feedback action that 
increases its production by the activated macrophages.112 

It could be concluded that the AMD-induced upregulation 
of the TGF-β1 expression in lung tissue supports the key 
role of this cytokine in the establishment and progression of 
lung fibrosis.

Furthermore, it was reported that the production of 
reactive nitrogen species (RNS), the alteration of lung 
prostaglandin, and the overproduction of collagen 
occurred simultaneously as a result of the exposure of an 
organ to oxidative stress. RNS involving peroxynitrite 
(ONOO−), nitrogen dioxide (NO2), and nitric oxide (NO) 
greatly contribute to respiratory tract pathogenesis. NO is 
a short-lived, readily diffusible, and potent oxidant created 
in the lung by the inducible form of iNOS, especially 
during lung injury or inflammation. The degree of pul-
monary fibrosis is strongly correlated with the iNOS 
levels.109,114 In the current study, the IHC expression of 
iNOS was extensive in pure AMD-treated animals, sug-
gesting a strong oxidative impact of pure AMD. The over-
expression of iNOS after administration of pure AMD was 
consistent with other previous studies.113,131–133

It was evident from IHC results that treating animals 
with NP4 dispersion induced significant down-regulation 

of TGF-β1 and iNOS expression compared to pure AMD 
treatment. The ameliorative effects of NP4 could be attrib-
uted to the role of the biodegradable polymer (PLGA) in 
controlling the AMD level at the action site (see under ‘In 
vitro Release’ and ’In vitro Study of Cell Toxicity’ sec-
tions). By the gradual release of AMD from NP4 to the 
lungs, the production of inflammatory mediators and the 
free radicals in healthy cells might be reduced. Hence, the 
exaggerated toxicity upon the direct exposure to free AMD 
could be attenuated. These outcomes are in agreement 
with other endeavors validating the defensive properties 
of nanoencapsulation contrasted with the free drug- 
induced toxicities.109,134,135

In the light of the obtained findings, the present study was 
concerned with the pulmonary toxicity of the optimized 
AMD-loaded NPs (NP4) rather than their anti-arrhythmic 
efficiency. After demonstrating the cytoprotective, anti-fibro-
tic, anti-inflammatory, and antioxidant properties of the 
developed system, it is thought that such a system deserves 
to undergo further studies. Hence, a separate study has been 
currently conducted to evaluate the efficiency of NP4 and 
compare it to that of the pristine AMD. Such a study will be 
concerned mainly with the efficiency of the AMD-loaded 
NPs to treat cardiac arrhythmia.

Figure 11 Microphotographs IHC estimation of iNOS expression in rat’s lung sections of the control and the treated groups. 
Notes: Control (A), Group I (B), Group II (C), and Group III (D). The reaction is minimal in both control and Group III. Minimal reaction as indicated by arrows is seen in 
both the control and Group III. Strong and moderate expression is observed in Group I and Group II, respectively. IHC counterstained with hematoxylin, 400×. 
Abbreviations: IHC, immunohistochemical; iNOS, anti-inducible nitric oxide synthase.
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Conclusion
AMD-loaded NPs were successively prepared by the nano-
precipitation method using Kolliphor® P188 or BSA as sta-
bilizers. The optimized formula was prepared using BSA at a 
concentration of 0.5%. About 96% of AMD could be encap-
sulated in the PLGA-based matrix of NPs. The developed 
NPs were able to control the release of AMD without initial 
drug eruption. Cytoprotective, anti-fibrotic, anti-inflamma-
tory, and antioxidant properties were presented by the opti-
mized NPs (NP4). Hence, the results substantiate that the 
polymeric nanoparticles as promising tactics could amelio-
rate the pulmonary injury induced by the pure drug moieties.

Abbreviations
A549, human epithelial lung carcinoma; AMD, 
Amiodarone; ATR-FTIR, attenuated total reflectance- 
Fourier infrared spectroscopy; AV node, the atrioventricu-
lar node; BSA, bovine serum albumin; DLS, dynamic light 
scattering technique; DMSO, dimethyl sulfoxide; DSC, 
differential scanning calorimetry; EE%, encapsulation effi-
ciency; ECM, extracellular matrix; GIT, gastrointestinal 
tract; Hep-2, human laryngeal epidermoid carcinoma; PS, 
Hydrodynamic diameters; IC50, the concentration that 
killed 50% of cells in comparison with the untreated 
cells; IAS, interalveolar septa; K188, Kolliphor® P 188; 
LC%, loading capacity; NO, nitric oxide; NO2, nitrogen 
dioxide; ONOO−, peroxynitrite; PDI, size distribution; 
PLGA, poly(lactic-co-glycolic acid); PNPs, AMD-free 

NPs; PS, particle size; RBCs, red blood cells; RNS, reac-
tive nitrogen species; ROS, reactive oxygen species; SRB, 
sulforhodamine B assay; α-SMA, α-smooth muscle actin; 
SOD, superoxide dismutase; TCA, trichloroacetic acid; 
TEM, transmission electron microscopy; XRD, powder 
X-ray diffraction; Y%, yield; ZP, zeta potential.
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