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A B S T R A C T   

Acute lung injury (ALI) and its more serious form; acute respiratory distress syndrome are major causes of 
COVID-19 related mortality. Finding new therapeutic targets for ALI is thus of great interest. This work aimed to 
prepare a biocompatible nanoformulation for effective pulmonary delivery of the herbal drug; tanshinone-IIA 
(TSIIA) for ALI management. A nanoemulsion (NE) formulation based on bioactive natural ingredients; rham-
nolipid biosurfactant and tea-tree oil, was developed using a simple ultrasonication technique, optimized by 
varying oil concentration and surfactant:oil ratio. The selected TSIIA-NE formulation showed 105.7 nm diameter 
and a PDI ~ 0.3. EE exceeded 98 % with biphasic sustained drug release and good stability over 3-months. In- 
vivo efficacy was evaluated in lipopolysaccharide (LPS)-induced ALI model. TSIIA-NE (30 µg/kg) was admin-
istered once intratracheally 2 h after LPS instillation. Evaluation was performed 7days post-treatment. Pulmo-
nary function assessment, inflammatory, oxidative stress and glycocalyx shedding markers analysis in addition to 
histopathological examination of lung tissue were performed. When compared to untreated rats, in-vivo efficacy 
study demonstrated 1.4 and 1.9-fold increases in tidal volume and minute respiratory volume, respectively, with 
32 % drop in wet/dry lung weight ratio and improved levels of arterial blood gases. Lung histopathology and 
biochemical analysis of different biomarkers in tissue homogenate and bronchoalveolar lavage fluid indicated 
that treatment may ameliorate LPS-induced ALI symptoms thorough anti-oxidative, anti-inflammatory effects 
and inhibition of glycocalyx degradation. TSIIA-NE efficacy was superior to free medication and blank-NE. The 
enhanced efficacy of TSIIA bioactive nanoemulsion significantly suggests the pharmacotherapeutic potential of 
bioactive TSIIA-NE as a promising nanoplatform for ALI.   

1. Introduction 

The clinical and epidemiological features of coronavirus infection 
and COVID-19 related diseases are continuously reported. COVID19- 
related acute lung injury (ALI) and more dangerous acute respiratory 
distress syndrome (ARDS) are considered to be the main leading causes 

of COVID19-related mortality [1]. The underlying pathophysiological 
mechanisms of ALI/ARDS are complex. Pulmonary inflammatory 
response and oxidative stress are suggested to have an important role in 
ALI pathogenesis [2]. ALI and ARDS are usually characterized by 
increased pulmonary microvascular endothelial permeability leading to 
interstitial edema and alveolar collapse. Moreover, increased pulmonary 
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leukocytes’ infiltration is usually present. These leukocytes initiate 
pulmonary inflammation and fibrosis as they produce pro-inflammatory 
mediators as well as profibrotic growth factors [3]. 

The glycocalyx is a gel-like layer that lines the luminal surface of the 
vascular endothelium. Endothelial glycocalyx layer existing on the 
surface of pulmonary vascular endothelium plays an important role in 
ALI/ARDS pathogenesis. It has a vital role in many physiological pro-
cesses, including alveolar permeability, albumin exudation, pulmonary 
edema formation, and leukocyte adhesion [4]. The glycocalyx is 
composed of multiple glycoprotein complex substances, where 
syndecan-1 (SDC-1) is the most abundant component. Glycocalyx reg-
ulates vascular permeability as it functions as a negatively charged sieve 
limiting the movement of the negatively charged molecules (e.g. albu-
min) with establishment of an albumin gradient across the vessel wall. 
Therefore, the healthy glycocalyx regulates transvascular albumin and 
fluid flux (according to the starling forces that control tissue fluid for-
mation) with prevention of tissue edema. When this layer is pathologi-
cally degraded in conditions such as ALI, it becomes thin and sparser 
which allows the plasma protein albumin and accordingly fluid to move 
freely across the vessel wall, resulting in formation of tissue edema [5]. 

Glycocalyx undergoes dynamic changes where enzymes are impor-
tant key factor [6]. It is known that this enzymatic degradation is acti-
vated by reactive oxygen species (ROS) and inflammatory cytokines [7]. 

Matrix metalloproteinase-9 (MMP-9) is reported to be a syndecan 
degrading key enzyme [8]. SDC-1 degradation and shedding are 
considered to be an important indicator for severity, progression and 
aggravation of pulmonary diseases. Moreover, Parimon et al. [9] re-
ported that SDC-1 may be involved in occurrence of pulmonary fibrosis 
and hence is considered as an important marker in lung injury prognosis 
and treatment [5]. According to all previously mentioned information, 
endothelial glycocalyx and its degradation may be an important thera-
peutic target in ALI. 

There are no specific therapies for ALI with management relying on 
mechanical ventilation and supportive measures [10]. Since pulmonary 
inflammatory response and oxidative stress play an important role in ALI 
pathogenesis, therapy targeting their reduction could be an effective 
strategy. 

Tanshinone IIA (TSIIA), a phenanthrenequinone derivative extracted 
from Salvia miltiorrhiza Bunge, is widely used in traditional Chinese 
herbal medicine. It has many pharmacological functions [11], such as 
anti-inflammatory and anti-oxidant properties [12]. Previous work has 
demonstrated its ability to alleviate ALI induced by lipopolysaccharide 
(LPS) either for prophylaxis [13] or treatment [14]. However, its ther-
apeutic activity is limited owing to low aqueous solubility, poor 
bioavailability, short half-life, and extensive metabolism [15]. 

Several nano-technology based delivery systems were elaborated in 
the literature allowing for the formation of stable colloidal dispersion 
thus overcoming poor solubility and attempting to enhance bioavail-
ability and protect the drug from metabolic enzymes [15–20]. Due to the 
hydrophobic nature of the drug, a lipid-based delivery system is ex-
pected to allow for increased drug loading and enhanced systemic 
bioavailability. Oil-in water (O/W) nanoemulsion system could be used 
as a suitable nanocarrier for effective TSIIA delivery. Nanoemulsions 
(NEs) have size ranges between 20 and 200 nm [21]. The large surface 
area offered by the small droplet size provide attractive physical prop-
erties and hence overcome both anatomical and physiological barriers 
thus enhancing bioavailability [22]. 

Since back to nature is the concept of recent and future pharma-
ceutical research based on phytomedicine and natural bioactive excip-
ients, a nanoemulsion (NE) formulation for the delivery of TSIIA, based 
on biologically active ingredients assumed to be an attractive thera-
peutic option for ALI/ARDS. Several essential oils have been reported to 
reduce inflammation and improve lung function in ALI [23–25]. Of 
these, tea tree oil (TTO) has been extensively studied. TTO is the volatile 
essential oil derived from the Australian native plant Melaleuca alter-
nifolia. It is used mainly for its antimicrobial, antioxidant and 

anti-inflammatory properties in addition to its anti-tumor and immune 
regulation effects [26]. It was previously shown that TTO inhalation 
exerts a strong anti-inflammatory effect on the immune system [27]. 
However, pharmaceutical application of TTO is limited due to its vola-
tility, instability upon exposure to light or oxygen, hydrophobicity, and 
hence formulation difficulties [28]. Therefore, its formulation at the 
nanoscale provides an efficient method to enhance physical stability via 
protection against volatilization and environmental reactivity [28]. TTO 
was previously successfully formulated as NEs to enhance its stability 
[28,29]. 

In developing eco-friendly bioactive nanosystems, biosurfactants 
have emerged as a promising alternative both for the synthesis and 
stabilization of nanoparticles. Among the biosurfactants used, rhamno-
lipids (RL) have been widely used [30]. RL possess anti-inflammatory 
and anti-viral properties; hence several studies investigated their po-
tential use as a strategy to treat or prevent COVID-19 disease [31]. 

Within this framework, the goal of this research was to formulate a 
biocompatible bioactive nanoformulation that would allow for suc-
cessful pulmonary administration of tanshinone-IIA for the treatment of 
ALI. Up to our knowledge, a nanoemulsion system based on bioactive 
excipients; TTO and RL, was studied for effective pulmonary delivery of 
TSIIA for the first time. The prepared TSIIA-loaded NE was optimized for 
enhanced pharmaceutical attributes including colloidal properties, drug 
loading and drug release. Glycocalyx shedding, pulmonary inflamma-
tion and oxidative stress were the studied pathophysiological pathways 
to demonstrate the exact mechanism of action of the selected formula-
tion for treatment of ALI. 

2. Materials and methods 

2.1. Materials 

Tanshinone II A (purity 98 %) was purchased from Baoji Guokang 
Bio-Technology Co., Ltd (China). Rhamnolipids and tea tree oil were 
obtained from Sigma-Aldrich (USA). Poloxamer 407 (P407) was pur-
chased from BASF Co. (Germany). Propylene glycol (PG) and ethanol 
were from ADWIC, El-Nasr Pharmaceutical Chemicals Co. (Egypt). 
Lipopolysaccharide (LPS) was extracted by the Department of Biotech-
nology, Institute of Graduate Studies and Research, Alexandria Univer-
sity, Egypt. Thiobarbituric acid (TBA), protease inhibitor cocktail and 
other reagents used in the in vivo study were obtained from Sigma- 
Aldrich (USA). All other chemicals and organic solvents were of 
analytical grade. 

2.2. Preparation of blank and TSIIA-loaded nanoemulsion (TSIIA-NE) 

A high-energy ultrasonication technique was used to prepare TSIIA 
loaded O/W NEs as previously described with some modifications [32, 
33]. The effect of different formulation variables including oil concen-
tration (3 %, 5 % and 8 %) and surfactant:oil ratio (1:1, 2:1 and 1:2) was 
investigated (Table 1). TTO was selected as the oily phase, P407 as the 
surfactant and RL/ PG as the cosurfactants. The oil and cosurfactants 
were mixed, then added drop wise to the aqueous phase (water con-
taining P407) under continuous magnetic stirring at 800 rpm for 5 min 
to form a coarse emulsion. To obtain a nano-dispersion, sonication for 
10 min was carried out using a probe sonicator (Bandelin sonopuls, 
Germany) at 60 % amplitude in an ice bath to avoid any loss of the 
volatile essential oil. For preparation of TSIIA-NE, a 1.25 mg of TSIIA is 
added to the oily phase and the same procedures were applied. 

2.3. In vitro characterization 

2.3.1. Colloidal properties 
Average particle size (PS), polydispersity index (PDI) and ζ-potential 

(ZP) of NE formulations were analyzed using Malvern Zetasizer (Nano- 
ZS Series DTS 1060, Malvern Instruments, Worcestershire, UK). 
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Measurements were done at a fixed angle at 25 ◦C using a 4 mW He–Ne 
laser at 633 nm. Formulations were adequately diluted with deionized 
water and measured in triplicates. 

2.3.2. Morphological examination 
The morphology of the selected NE formulation was investigated 

following staining with uranyl acetate by transmission electron micro-
scope (TEM) (model JEM-100CX (JEOL, Japan). The formulation was 
sprayed onto copper grids before analysis. Shots were taken at × 15K 
magnification. 

2.3.3. Entrapment efficiency determination (EE%) 
TSIIA %EE in the prepared NEs was determined by filtration/ultra-

centrifugation technique using (Sartorius™ Vivaspin6™, MWCO 
100,000) to separate free unentrapped TSIIA following centrifugation 
(Sigma 3–30KS, Sigma Laborzentrifugen GmbH, Germany) for 30 min at 
6000 rpm at 4 ◦C [11]. Prior to centrifugation, the formulations were 
4-fold diluted with deionized water. The concentration of unentrapped 
TSIIA in the filtrate was determined spectrophotometrically (UV-160A 
double beam spectrophotometer, Agilent tech., USA) at λmax 270 nm. 
The % EE was calculated using the following equation: 

% EE =
(Ci − Cf )

Ci
× 100 (1)  

where Ci is the initial drug content and Cf is the free drug in the 
supernatant. 

2.3.4. In vitro TSIIA release 
Release of TSIIA from the selected NE formulation was investigated 

by the dialysis method [15]. TSIIA-NE (1 ml equivalent to 250 μg TSIIA) 
was placed in presoaked dialysis bags (VISKING® dialysis tubing MWCO 
12,000–14,000), which were then immersed in 20 ml release medium 
(ethanol: water, 1:1) maintaining sink conditions. The flasks were 
maintained in a thermostatically controlled shaking water-bath at 37 ◦C, 
100 rpm. At different time intervals (1–24 h), samples (1 ml) were 
withdrawn and replaced with fresh medium. TSIIA concentration was 
determined spectrophotometrically at 270 nm. The experiment was 
done in triplicate. 

The kinetics of release of TSIIA from NE was evaluated using model 
dependent methods calculated by the Excel add in; DDsolver [34]. 

2.3.5. Storage stability 
TSIIA-NE stability upon storage was conducted at 4 ◦C for 3 months. 

Changes in particle size and entrapment efficiency were determined at 1, 
2 and 3 months. 

2.4. In vivo studies 

2.4.1. Animals and ethical statement 
Thirty-five male Wistar albino rats (160–180 g; average 8–10 weeks- 

old) were purchased from the Animal House of Medical Physiology 
Department, Faculty of Medicine, Alexandria University. Animals were 
housed in plastic cages (5 per cage) in normal room temperature (25 
± 2 ◦C) and 12 h light: dark cycle, with ad libitum access to food and 
water. All experimental procedures were performed in accordance with 
the Guide for the Care and Use of Laboratory Animals. The study pro-
posal was approved by the Research Ethics Committee of Faculty of 
Medicine, Alexandria University (IRB code 00012098-FWA: No. 
00018699; membership in International Council of Laboratory Animal 
Science Organization, ICLAS). 

2.4.2. LPS extraction and purification 
LPS was extracted from E.coli by hot phenol-water method as pre-

viously described with some modifications [35]. Detailed extraction and 
purification procedure is provided in Supplementary material. 

2.4.3. Induction of ALI and experimental groups 
One week was allowed for acclimatization prior to the experiment. 

Then, induction of ALI was performed in 28 rats by intratracheal 
instillation of 0.2 ml LPS in PBS (5 mg/kg) [36]. The other 7 rats 
received an equal volume of PBS and served as a negative control group. 
Two hours later, LPS injected rats were further randomly divided into 4 
groups; untreated control (positive control), TSIIA suspension in 1:9 
(PEG 400: normal saline), blank NE (NE-F8) and TSIIA-loaded NE 
(TSIIA-NE-F8). Rats were intratracheally instilled as follows: TSIIA 
suspension and TSIIA-NE-F8 groups received a single dose equivalent to 
30 µg/kg TSIIA, while NE-F8 and the negative or positive control groups 
received equal volumes of NE-F8 and normal saline, respectively. Pul-
monary functions were assessed 7 days following treatment then ani-
mals were anesthetized and sacrificed for specimen collection [37]. 

2.4.4. Lung assessment 

2.4.4.1. Pulmonary function. Using a Power lab digital data acquisition 
system, tidal volume and minute respiratory volume were measured to 
assess lung condition and function. The parameters were recorded using 
a pneumothorax MLT1L (Lab chart 8, AD instruments, Castle Hill, NSW, 
Australia) where P1 channel end was connected to the outlet of the NP/ 
Whole Body Plethysmography (WBP) [38]. 

After performing pulmonary functions, rats were anesthetized to 
obtain arterial blood samples, bronchoalveolar lavage fluid (BALF) and 
both lungs were excised. The left lung was used for histopathological 
examination. One lobe from the right lung was stored at − 80 ◦C for 
further biochemical measurements. The remainder was used to calculate 
wet/dry lung weight ration. 

2.4.4.2. Wet/dry lung weight ratio. To calculate the wet/dry (W/D) lung 
weight ratio, excised lung tissues were weighed immediately to obtain 
the wet lung weight. Then they were reweighed after drying in an oven 
at 80 ◦C for 48 h to obtain the dry lung weight. The (W/D) ratio was 
used as an indicator for pulmonary edema [39]. 

2.4.4.3. Arterial blood gases (PaO2/FiO2). Following anesthesia, arterial 
blood samples were collected from the abdominal aorta in heparinized 
syringes. PaO2 which is the partial pressure of oxygen in arterial blood 
was then measured using arterial blood gas analyzer (Gem® Premier 

Table 1 
Formulation code, composition and physicochemical properties of different 
prepared TSIIA-NEs.  

Formulation 
code 

Oil 
(% 
w/v) 

SAA: 
Oil 
ratio 

Size 
(nm) 

PDI Zeta 
potential 
(mV) 

% EE 

F1  3 1:2 145.5 
± 1.3 

0.26 
± 0.01 

-31.3 ± 1.2 94.1 % 
± 1.02 

F2  3 1:1 100.5 
± 0.9 

0.22 
± 0.01 

-29.2 ± 1.5 94.5 % 
± 0.84 

F3  3 2:1 63.4 ±
0.1 

0.25 
± 0.01 

-27.1 ± 0.9 94.9 % 
± 0.95 

F4  5 1:2 148.1 
± 1.6 

0.22 
± 0.02 

-34.4 ± 1.7 96.3 % 
± 1.28 

F5  5 1:1 101.2 
± 1.2 

0.26 
± 0.01 

-28.3 ± 2.0 96.6 % 
± 1.55 

F6  5 2:1 65.6 ±
0.8 

0.30 
± 0.02 

-27.8 ± 0.8 96.0 % 
± 0.72 

F7  8 1:2 150.0 
± 0.9 

0.11 
± 0.01 

-35.9 ± 2.1 98.0 % 
± 0.43 

F8  8 1:1 105.7 
± 0.9 

0.31 
± 0.02 

-29.5 ± 1.8 98.4 % 
± 1.32 

F9  8 2:1 71.9 ±
1.4 

0.29 
± 0.01 

-26.1 ± 1.0 98.6 % 
± 0.62 

Propylene glycol, 100 mg was added to all formulations. 
In all formulations, poloxamer 407: rhamnolipid ratio was 3:2. 
Values represent mean ± SD, n = 3. 
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3000, Instrumentation Laboratory, USA). Then, PaO2/FiO2 ratio was 
calculated. FiO2 is the fraction of oxygen in the inspired air and was 
considered as 0.21 [40]. 

2.4.4.4. BALF collection and inflammatory cell counting. In order to make 
the lavage forced to the left lung, we did suture clamps on the right main 
bronchus. After that, 3 ml ice-cold PBS was injected into the left lung 
using a tracheal cannula under anesthesia. Flushing the lung with PBS 
was done three times. The collected BALF was then centrifuged for 
10 min at 600 g at 4 ◦C. Following centrifugation, the supernatant was 
stored at − 80 ◦C for further biochemical assessment. The remaining cell 
pellet was re-suspended in 0.5 ml PBS. Then the samples were smeared 
and stained for microscopical examination. Three main types of leuko-
cytes; macrophages, lymphocytes and neutrophils were counted by light 
microscopic imaging using × 40 object lens. The numbers were calcu-
lated in 5 different fields using computer program MAtLAB software 
(image J, the mathworks, inc., USA). 

2.4.4.5. Lung tissue homogenization and biochemical analysis. Frozen 
lung tissues were homogenized in PBS containing protease inhibitors 
cocktail. The produced homogenate was centrifuged at 2000 g for 
15 min at 4 ◦C. The resultant supernatant was collected for measure-
ment of total protein content by Lowry method [41]. Then, it was used 
for biochemical measurements. 

2.4.4.5.1. Assessment of inflammatory markers. The levels tumor 
necrosis factor-alpha (TNF-α) (Cat#MBS1754207, MyBiosource, USA), 
interleukin 10 (IL 10) (Cat# MBS2036296, MyBiosource, USA) and 
interleukin 17 (IL 17) (Cat# MBS211293, MyBiosource, USA) in lung 
tissue homogenates were determined using ELISA method according to 
the manufacturer’s instructions. 

2.4.4.5.2. Assessment of oxidant-antioxidant balance. The oxidative 
stress marker: malondialdehyde (MDA) level was measured using thio-
barbituric acid reaction colorimetric method and its concentration was 
represented in the form of nmol/mg protein [42]. Regarding antioxidant 
enzymes in lung tissue, the activities of superoxide dismutase (SOD) (EC 
1.15.1.1) and glutathione peroxidase (GPx) (GP 2524, Biodiagnostic, 
Egypt) were determined spectrophotometrically as previously described 
[43,44], and the results expressed as U/mg tissue protein. 

2.4.4.5.3. Assessment of glycocalyx shedding markers. Syndecan-1 
(SDC-1) was measured using ELISA technique (Cat# MBS2512881, 
MyBiosource, USA) following the manufacturer’s instructions both in 
lung tissue homogenate and supernatant of BALF and the results were 
expressed as ng/mg tissue protein & ng/ml respectively. Moreover, 
matrix metalloproteinase-9 (MMP-9) (Cat# MBS722532, MyBiosource, 
USA) was measured in lung tissue homogenate by ELISA method ac-
cording to the manufacturer’s instructions and the results were 
expressed as pg/mg tissue protein. 

2.4.4.6. Pulmonary histopathological analysis. Lung tissue samples were 
fixed in 10 % formalin saline. Each specimen was then processed to 
obtain 6-μm thick paraffin sections to be stained with H&E stain. Images 
were viewed and recorded using a light microscope (Olympus America 
Inc., USA) – equipped with Spot digital camera with numerical aperture 
of a high resolution (16-bit digital camera (1280 × 1024) pixels). 

2.5. Statistical analysis 

The results are presented as Mean ± SD. All statistical analysis was 
performed using IBM SPSS software (package version 21, 2012). Sta-
tistical significance was determined using one-way analysis of variance 
(ANOVA) followed by Duncan post-hoc test for pair-wise comparisons. 
Differences were considered significant when p ≤ 0.05. 

3. Results and discussion 

3.1. Preparation and optimization of TSIIA-NE 

In the present study, TSIIA-NE was prepared for the first time using 
natural biologically active ingredients. TTO was selected as the oily 
phase with the SAA/Co-SAA system, P407/ RL in the ratio 2:3. A volume 
of PG (100 mg) was added to all formulations as a part of co-SAA system. 
For optimization, oil concentration was varied (3–8 % w/v of the final 
volume of NE). In addition, different surfactant: oil ratios were inves-
tigated. The effect of these formulation variables on the colloidal 
properties of the prepared NEs as well as TSIIA % EE are presented in 
Table 1. 

The mean droplet size of the tested NEs ranged from 63.4 ± 0.1 to 
150 ± 0.9 nm. The smallest size was attained by F3 with the lowest oil 
content (3 % w/v) and highest SAA: oil ratio (2:1). The results reflect 
that the increase in SAA: oil ratio at a constant oil concentration brought 
about a highly significant decrease in droplet size of the NE as obvious 
for the three oil concentrations tested (p ≤ 0.001). This could be due to 
the increased population of the surfactant molecules at the droplet 
interface [45]. On the other hand, for similar SAA: oil ratio, no signifi-
cant change in droplet size was observed upon increasing oil content due 
to the proportional increase in SAA concentration (p > 0.05). All the 
formulations showed low values of PDI (0.11 ± 0.01 to 0.31 ± 0.02) 
indicating droplet size uniformity. The results obtained agreed with the 
size range reported previously in the literature for NE [19,46,47]. 

The developed NE formulations showed a ZP ranging from − 26.1 
± 1 to − 35.9 ± 2.1 (Table 1). This relatively high negative ZP is ex-
pected to enhance formulation stability. It is well reported that ZP values 
> 20 mV are sufficient to prevent the coalescence of oil droplets in the 
NE formulations thus confirming their colloidal stability [28]. The high 
negative charge existing on the prepared NEs could be explained by the 
presence of anionic groups of fatty acids in the TTO, glycol part of P407 
[48] in addition to the anionic nature of RL [45,49]. Also, ZP values 
slightly decreased with decreasing droplet size. This is in agreement 
with the results previously described by Al-Sakkaf et al. [45]. This was 
attributed to a decrease in charge density as the emulsion droplet shrinks 
leading to a lower ZP [45]. 

TSIIA showed high entrapment efficiency exceeding 94 % for all 
tested NE formulations. %EE values varied from 94.1 ± 1.02 to 98.6 
± 0.62%. It can be deduced from the results that increasing SAA: oil 
ratio at a constant oil concentration resulted in a slight insignificant 
increase (P > 0.05) in %EE. On the other hand, increasing oil concen-
tration from 3 % to 8 % at constant SAA: oil ratio brought about a 
gradual significant increase in TSIIA % EE (p ≤ 0.05). This could be 
attributed to the high lipophilicity of the drug and hence increased 
solubilization with increasing oil concentration, reflecting the high 
solubility of TSIIA in the selected oil. These findings corroborated with 
what was previously reported for the increase in % EE of the hydro-
phobic drug quercetin in NE by increasing oil content while keeping the 
SAA constant [50]. 

Based on the aforementioned results and due to the slight differences 
in colloidal properties and %EE among different formulations tested, F8 
with 8 % oil and 1:1 SAA: oil ratio was selected as an optimum formu-
lation for further in vitro and in vivo characterization. The selection was 
based on its high oil content which is intended to achieve a better in vivo 
performance. Despite the smaller particle size observed for F9, F8 was 
preferred due to its lower SAA concentration. 

3.2. Morphology 

Macroscopical (Fig. 1A) and TEM imaging (Fig. 1B) of the selected 
formulation F8 displayed the typical appearance of an o/w emulsion 
with morphological characteristics matching with those described 
earlier [19,28,51]. The NE appeared as non-aggregated, almost spher-
ical shaped globules and homogenous size distribution (Fig. 1B). The 

R.M. El-Moslemany et al.                                                                                                                                                                                                                     



Biomedicine & Pharmacotherapy 155 (2022) 113666

5

higher contrast at the oil/water interface could be attributed to the af-
finity of uranyl acetate used for negative staining to interface compo-
nents as was previously reported [52]. Furthermore, the observed sizes 
from TEM were near the hydrodynamic diameter measured by the dy-
namic light scattering. 

3.3. In vitro drug release 

In vitro drug release profile of TSIIA suspension and the selected 
TSIIA-NE-F8 is shown in Fig. 2. TSIIA suspension showed a relatively 
high burst release ~ 40 % after 1 h of the release study with almost 
100 % released after 7 h. On the contrary, TSIIA-NE-F8 exhibited a 
significantly lower % cumulative release with only ~ 75 % released 
after 24 h suggesting the ability of the prepared NE to permit for a 
sustained TSIIA release. Also, TSIIA loading into NE resulted in a sig-
nificant 50 % reduction in burst release (p ≤ 0.05). The burst release of 
TSIIA from NE may be attributed to the unentrapped drug adsorbed on 
the surface of oil droplets rather than being incorporated in core of oily 
globules. The observed controlled release profile of TSIIA is consistent 

with previous studies in which a sustained drug release from NEs was 
attributed to the efficient solubilization and encapsulation of the drug in 
the oily phase of NE [51]. 

The drug release mechanism of TSIIA-NE-F8 was determined by 
fitting to different release kinetics models; the coefficient of determi-
nation was in the following order: 0.219, 0.866, 0.894, 0.955 and 0.804 
for zero-order, first-order, Higuchi, Korsmeyer-Peppas and Hixson Cro-
well models, respectively. It was observed that R2 for TSIIA-NE-F8 fitted 
best with Korsmeyer-Peppas model (0.955) where the release exponent 
value (n) was ≤ 0.5, indicating that drug release follows a Fickian 
diffusion manner [48]. 

3.4. Storage stability 

Table 2 shows the effect of storage on the colloidal properties as well 
as TSIIA % EE for TSIIA-NE-F8 at 4 ◦C for 3 months. Visual inspection of 
the formulation indicated that the prepared formulation was stable with 
no detected signs of phase separation or drug precipitation upon storage. 
The negligible variations in the evaluated physicochemical parameters 
verified the stability of the formulation for 3 months at 4 ◦C. Similar 
results were reported previously for the long-term storage stability of the 
NE systems stabilized by either P407 [48] or RL [49]. The stability of NE 
could be attributed to the ability of SAA molecules to adsorb on the 
surface of oil droplets via their hydrophobic parts, stabilizing them 
against coalescence [48,49]. 

Fig. 1. (A) Macroscopical appearance of selected TSIIA-NE-F8 and (B) Transmission Electron Micrograph of TSIIA-NE-F8 at magnification × 30 K; Scale bar rep-
resents 200 nm. 

Fig. 2. Release profiles of TSIIA-NE-F8 versus TSIIA suspension at 37 ◦C. Data 
presented as means ± SD (n = 3). 

Table 2 
Storage stability data of TSIIA-NE-F8 at 4 ◦C for 3 months (n = 3).  

Time 
(months) 

Droplet size 
(nm) 

PDI Zeta potential 
(mV) 

TSIIA % 
EE  

0 105.7 ± 0.87 0.31 ± 0.02 -26.1 ± 1.0 98.4 
± 1.3  

1 102 ± 0.6 0.27 ± 0.01 - 26.7 ± 0.8 98.1 
± 2.4  

2 101 ± 1.2 0.30 
± 0.004 

- 25.8 ± 0.6 98.0 
± 1.2  

3 104 ± 0.73 0.29 
± 0.006 

- 26.3 ± 0.4 98.6 
± 2.1  
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3.5. In vivo efficacy 

An LPS-induced ALI model was used for pharmacodynamic evalua-
tion of TSIIA-NE-F8 compared to the appropriate controls. LPS has been 
widely considered as an effective strategy to establish ALI animal 
models. It targets mainly the alveolar epithelium, activates acute and 
aggressive leukocyte migration and oxygen free radicals production in 
the pulmonary tissue. Moreover, LPS affects type II alveolar cells that 
produce the surfactant as LPS interacts with surfactant-specific receptors 
leading to their inactivation [53]. This eventually results in ALI espe-
cially when used by intratracheal instillation [54]. Moreover, intra-
tracheal instillation mimics the clinical scenario of respiratory acquired 
infections. A single dose of different treatments was administered 2 h 
after LPS instillation followed by a seven day period before evaluation to 
enable them to exert their action thus allowing for discrimination [37]. 

3.5.1. Wet to dry lung weight ratio 
As shown in Fig. 3A, the W/D weight ratio revealed an 85 % increase 

in the positive control versus the negative control group indicating a 
state of pulmonary edema and inflammation [55]. This was reflected on 
pulmonary function as shown by the significant decrease in tidal volume 
(TV) and minute respiratory volume (MRV) by 70 % and 83 %, respec-
tively (p ≤ 0.05) (Fig. 3B and C). Representative tracings of airway flow 
and tidal volume are shown in Fig. 3D. A significant reduction in W/D 
weight ratio with a subsequent significant increase in TV and MRV 
(Figs. 3B and 3C) were observed following treatment with TSIIA sus-
pension and blank NE. Maximum improvement was observed for the 
TSIIA-NE-F8 treated group reaching 32 % reduction in W/D weight ratio 
and 1.4 and 1.9 fold increase in TV and MRV, respectively, when 
compared to positive control group. 

3.5.2. Arterial blood gases 
Blood gas analysis (Fig. 4) revealed successful induction of ALI. A 

significant reduction in PaO2 and PaO2/FIO2 following LPS instillation 
was observed compared to the negative control group. Reduced PaO2/ 
FIO2 is a clinical diagnostic standard of ALI [56]. Different treatments 
resulted in evident improvement in both parameters with the significant 
improvement results recorded for TSIIA-NE-F8. 

The improvement observed in pulmonary function, W/D lung weight 
ratio and arterial blood gases after administration of TSIIA-NE-F8 re-
flected the protective effects TSIIA [14,37,57] and the NE bioactive 
excipients; RL and TTO [58,59], against ALI. The noticeable improve-
ment observed for TSIIA-NE-F8 could be due to the combined efficacy of 
TSIIA and bioactive NE. The possible mechanism will be discussed later 
throughout the following sections. 

3.5.3. BALF inflammatory leukocytic count changes 
Differential leukocytic counts in BALF were assessed to determine 

the anti-inflammatory activities of TSIIA suspension, NE-F8 and TSIIA- 
NE-F8 compared to negative and positive control groups (Fig. 5A–C). 
Negative control group BALF samples revealed low levels of macro-
phages, lymphocytes and neutrophils. On the other hand, positive con-
trol group samples showed marked significant increase in cell counts 
(p ≤ 0.05). Following treatment, evident changes in cellular composi-
tion were observed in all treated groups. TSIIA-NE-F8 treated group 
revealed predominance of macrophages while lymphocytes and neu-
trophils were reduced to a level comparable to the negative control 
group (p > 0.05). The predominance of macrophages following treat-
ment could be explained by the dual role they play as they exert both 
proinflammatory and anti-inflammatory effects based on the microen-
vironment in different pathological stages [60]. Although, TSIIA sus-
pension and NE-F8 treated groups exhibited significantly lower 
lymphocyte and neutrophils counts compared to the positive control 

Fig. 3. Effect of different treatments on; (A) Wet/Dry lung weight ratio, (B) Tidal volume and (C) Minute respiratory volume following a single intratracheal dose in 
an LPS induced ALI rat model. Data expressed as mean ± SD (n = 7). Data analyzed using one-way ANOVA followed by post hoc test (Duncan) for group com-
parisons. Means of similar symbols were statistically insignificant: a > b > c > d > e (p ≤ 0.05). (D) Representative tracing of airway flow (upper panel) and tidal 
volume (lower panel) following treatment compared to negative and positive controls. 
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(p ≤ 0.05) but the neutrophils count was still significantly higher than 
the negative control and TSIIA-NE-F8 treated groups (p ≤ 0.05). 

3.5.4. Changes in pulmonary inflammatory markers 
Challenging the lung with various insults including LPS is known to 

initiate several inflammatory responses displaying cytotoxic effects on 
lung tissues. Following ALI onset, inflammatory cells are recruited into 
the lungs releasing inflammatory cytokines, reactive oxygen species 
(ROS), cationic peptides, and hydrolytic proteinases [14]. The released 
pro-inflammatory cytokines including TNF-α and IL-1β play a key role in 
ALI progression [14]. In this respect, following LPS intratracheal 
administration severe pulmonary inflammatory changes were observed 
as evidenced by the significant elevation in the levels of both TNF-α and 
IL-17 (by 3.1 and 1.5-folds, respectively) together with the significant 
80 % decrease in the level of the anti-inflammatory marker; IL-10 

compared to the negative control group (p ≤ 0.05) (Fig. 6). Different 
treatments significantly depleted the pro-inflammatory cytokines with 
significant increase in IL-10 compared to the positive control group 
(p ≤ 0.05). TSIIA suspension group revealed 49 % and 40 % decrease in 
the levels of both TNF-α and IL-17, respectively, with elevation in the 
level of IL-10 by ~ 1.7-folds versus the positive control group (p ≤ 0.05) 
(Fig. 6). This was due to the reported anti-inflammatory action of TSIIA 
which has been previously described in similar ALI models [14,37,61]. 
This effect was also described in different models other than ALI where 
TSIIA elevated the level of the anti-inflammatory cytokine IL-10 
following liver injury [62]. Also, Yan et al. [63] reported a decrease in 
the inflammatory IL-17 level in an autoimmune encephalomyelitis rat 
model. 

Regarding NE-F8 group, the levels of both TNF-α and IL-17 were 
significantly decreased by 23 % and 29.3 %, respectively, while the level 

Fig. 4. Effect of different treatments on arterial blood gases following a single intratracheal dose in an LPS induced ALI rat model; (A) Partial pressure of oxygen in 
arterial blood (PaO2) and (B) PaO2/FiO2 ratio. Data expressed as mean ± SD (n = 7). Data analyzed using one-way ANOVA followed by post hoc test (Duncan) for 
group comparisons. Means of similar symbols were statistically insignificant: a > b > c > d > e (p ≤ 0.05). 

Fig. 5. (A–C) Effect of different formulations and TSIIA suspension on leukocytic count in bronchoalveolar lavage for all study groups; (A) Macrophages, (B) 
Lymphocytes, and (C) Neutrophils. Data were expressed as means ± SD (n = 7). Data were analyzed using one-way ANOVA followed by post hoc test (Duncan) for 
group comparisons. Means of similar symbols were statistically insignificant: a > b > c (p ≤ 0.05). 

R.M. El-Moslemany et al.                                                                                                                                                                                                                     



Biomedicine & Pharmacotherapy 155 (2022) 113666

8

of IL-10 was significantly increased by 81 % when compared with pos-
itive control group (p ≤ 0.05) (Fig. 6). This was ascribed to the pro-
nounced anti-inflammatory activities of the used bioactive ingredients; 
TTO and RL [64–67]. 

Interestingly, the administration of TSIIA-NE-F8 resulted in further 
significant improvement in the values of the tested markers (63.3 % and 
52 % decrease in TNF-α and IL-17, respectively, and ~ 2.7-folds increase 
in IL-10) when compared to the positive control (p ≤ 0.05). The previ-
ous findings reflect the important role of bioactive ingredients (TTO and 
RL) used in preparation of the NE system in augmenting the anti- 
inflammatory activity of TSIIA. 

The levels of proinflammatory and anti-inflammatory cytokines is 
supported by the observed BALF inflammatory cell count changes where 
maximum reduction in neutrophil counts was also achieved by TSIIA- 
NE-F8. 

3.5.5. Changes in pulmonary oxidative stress markers 
It is widely addressed that oxidative stress is one of the key factors 

contributing to ALI [68]. It is caused by an imbalance between the 
generation and elimination of ROS and leads to the formation of 

products, such as malondialdehyde (MDA) with a decrease in expression 
of antioxidant enzymes [69]. Oxidative stress markers were evaluated in 
the current work and the results shown in Fig. 7. A significant distur-
bance in oxidant- antioxidant balance in favor of oxidative stress was 
observed in the positive control group. LPS instillation resulted in a 
significant increase in lung MDA level by ~ 2.4-folds along with a sig-
nificant decrease in the levels of the antioxidant enzymes; SOD and GPx 
(75.5 % and 57 % decrease, respectively), compared to the negative 
control rats (p ≤ 0.05). This is attributed to the well documented ability 
of LPS to induce oxidative stress mediated tissue damage [69–71]. 

Intratracheal administration of different formulations significantly 
upregulated SOD and GPx activity, with marked reduction in MDA level 
compared to the positive control group (p ≤ 0.05). The observed 
improvement in the levels of the tested markers for TSIIA suspension 
group (42 % decrease in MDA with 160 % and 104 % increase in SOD 
and GPx, respectively versus positive control) was mainly due to its 
reported antioxidant properties [72]. The drug not only effectively trap 
the generated ROS, but also up-regulate the nuclear factor erythroid 
2–related factor 2 which regulates cellular resistance to oxidants as well 
as antioxidant enzyme activities [72]. Concerning NE-F8, only 23 % 

Fig. 6. Evaluation of various lung inflammatory markers;(A) Lung Tumor necrosis factor-alpha (TNF-α), (B) Lung interleukin-10 (IL-10), (C) Lung interleukin-17 (IL- 
17) following a single intratracheal administration of TSIIA-NE-F8 equivalent to 30 µg/kg compared to suitable controls. Values were expressed as mean ± SD 
(n = 7). Data were analyzed using one-way ANOVA followed by Post Hoc test (Duncan) for group comparisons. Means of similar symbols are statistically insig-
nificant, a > b > c > d > e (p ≤ 0.05). 

Fig. 7. Level of different lung oxidative stress markers; (A) Superoxide dismutase (SOD), Glutathione peroxidase (GPx) and malondialdehyde (MDA) following a 
single intratracheal administration of TSIIA-NE-F8 equivalent to 30 µg/kg compared to suitable controls. Values were expressed as mean ± SD (n = 7). Data were 
analyzed using one-way ANOVA followed by Post Hoc test (Duncan) for group comparisons. Means of similar symbols are statistically insignificant, 
a > b > c > d > e (p ≤ 0.05). 
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reduction in MDA along with 73 % and 82 % increase in SOD and GPx, 
respectively versus positive control was achieved. The detected allevi-
ation of the induced oxidative stress was attributed to the previously 
described anti-oxidant activities of the bioactive ingredients used; TTO 
and RL [73,74]. Despite the significant improvement achieved by TSIIA 
suspension and NE-F8 compared to the positive control group 
(p ≤ 0.05), they were still significantly inferior to TSIIA-NE-F8 (Fig. 7). 
The latter accomplished ~ 50 % reduction in MDA with restoration of 
the normal levels of both lung SOD and GPx as evidenced by the insig-
nificant difference compared to the negative control (p > 0.05). 

3.5.6. Changes in glycocalyx shedding 
Increased permeability of the pulmonary capillary endothelium is 

one of the important pathological mechanisms of ALI as it leads to 
pulmonary interstitial edema and exudate formation [75]. This 
increased permeability is closely related to the endothelial glycocalyx 
degradation [76]. Recently, protection against glycocalyx degradation 
and shedding is considered a key factor and an important therapeutic 
target in treatment of ALI [5,77]. In this context, the possible protective 
effect of different formulations through maintaining glycocalyx integrity 
in LPS-induced ALI rat model was investigated in the current work as a 
new therapeutic target for TSIIA. The results are shown in Fig. 8. 

Results revealed that LPS instillation led to increased pulmonary 
glycocalyx shedding as was evident by the significant decrease in SDC-1 
pulmonary level by 75 % (Fig. 8 A) together with consequent significant 
increase in its level in BALF by 3-folds (Fig. 8 B) compared to the 
negative control group (p ≤ 0.05). Moreover, the expression of the 
glycocalyx degrading enzyme (MMP-9) was significantly elevated in the 
positive control group by 4.2-folds versus the negative control one 
(P ≤ 0.05) (Fig. 8 C). Our results are in agreement with Zhang et al. [6] 
and Liu et al. [78] who reported increased glycocalyx shedding in 
LPS-induced ALI in an animal model. 

Intratracheal administration of different treatments to diseased rats 
resulted in varying degrees of improvement. TSIIA suspension group 
brought about 1.2-fold increase in lung SDC-1 (Fig. 8 A) with 36.5 % and 
52 % decrease in BALF SDC-1 and MMP-9, respectively (Fig. 8 B and C). 
NE-F8 effect on glycocalyx shedding was inferior to TSIIA suspension 
causing only 0.3 fold increase in lung SDC-1 (Fig. 8 A) with 18 % and 
28 % decrease in BALF SDC-1 and MMP-9, respectively (Fig. 8 B and C). 
Maximum improvement was achieved by TSIIA-NE-F8 (1.9 fold increase 
in lung SDC-1 (Fig. 8 A), 53.7 % decrease in BALF SDC-1 (Fig. 8 B) and 

68 % decrease MMP-9 (Fig. 8 C)). The effect of TSIIA, TTO and RL in 
inhibition of glycocalyx degradation could be explained by their pro-
nounced anti-inflammatory [14,37,61,64–67] and antioxidant [72–74] 
properties. It was found that inflammation can induce the formation and 
release of glycocalyx degradation enzymes especially MMP-9 [79] and 
also an incomplete glycocalyx can aggravate the pulmonary inflamma-
tory reaction resulting in a vicious circle leading to continuous lung 
injury [80]. Additionally, it was previously stated that oxidatio-
n/antioxidant imbalance is an important key in glycocalyx degradation 
[81]. The surpassing ability of TSIIA-NE-F8 to cause the maximum in-
crease in SDC-1 level in lung tissue with subsequent reduction in BALF 
samples and also to significantly decrease MMP-9 level (p ≤ 0.05) 
matches its superiority in improving pulmonary function. It also 
matches the biochemical results showing its superior anti-inflammatory 
and antioxidant effects. 

3.5.7. Lung histopathological changes 
To further confirm the results obtained, histopathological examina-

tion of H&E-stained lung tissue sections was done (Fig. 9). Negative 
control rats revealed the classical structure of normal lung with patent 
clear bronchial and alveolar spaces and thin alveolar septa. On the other 
hand, untreated ALI positive control rats’ samples revealed severe 
disturbance of lung architecture with extensive areas of consolidation 
and collapsed alveoli with extensive cellular infiltration. The remnant 
alveoli mostly showed thickened alveolar septa, degenerative lining 
cells and intraluminal cellular debris which appeared also on bronchi-
olar lumina. Alveoli with empty lumina and thin alveolar septa were 
rarely seen. An eosinophilic exudate was occasionally seen within the 
cellular infiltration. TSIIA suspension partially alleviated the patholog-
ical changes with reappearance of considerable areas of patent alveoli 
with either thin or thick interalveolar septa. Localized areas of hyali-
nized eosinophilic material surrounded by intense monocellular infil-
tration were commonly seen. Lung samples obtained from NE-F8 treated 
group revealed partial improvement with evident peribronchiolar 
mononuclear cellular infiltration and collapsed alveoli. Moreover, 
administration of TSIIA-NE-F8 nearly relieved most of the pathological 
changes, but groups of narrow alveoli with intraluminal cellular debris 
were still encountered. 

The superior physiological, biochemical, and histopathological ef-
fects of TSIIA-NE-F8 compared to TSIIA suspension could be ascribed to 
the ability of the nano-formulation to permit targeted drug delivery to 

Fig. 8. Effect of different formulations and TSIIA suspension on endothelial glycocalyx shedding markers; (A) Lung syndecan-1, (B) BALF syndecan-1 and (C) Lung 
MMP-9 after a single dose (30 µg/kg) intratracheal administration to an LPS -induced ALI rat model. Data were expressed as means ± SD (n = 7). Data were analyzed 
using one-way ANOVA followed by post hoc test (Duncan) for group comparisons. Means of similar symbols were statistically insignificant: 
a > b > c > d > e (p ≤ 0.05). 
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lung tissues for a longer period with greater ability to successfully 
penetrate through the lungs. Chattopadhyay et al. [82] similarly 
explained the improved efficacy for inhalable atropine polymeric 
nanoparticles in amelioration of airway hyperreactivity and remodeling 
in a murine model of chronic asthma compared to free drug. The 
effectiveness of TSIIA-NE-F8 could also be attributed to the use of bio-
logically active ingredients with anti-inflammatory and anti-oxidant 
activities thus augmenting drug activity. 

4. Conclusion 

Herein, for the first time, a NE based on bioactive ingredients for the 
pulmonary delivery of TSIIA was tailored and its efficacy in the man-
agement of LPS-induced ALI rat model was evaluated versus either free 
drug suspension or blank NE. A simple method of preparation was 
adopted. The developed NE offered several advantages, including the 
use of safe, biocompatible and bioactive excipients. Formulation selec-
tion was based on optimum colloidal properties and entrapment 

efficiency. The mechanistic study demonstrated the protective effect of 
TSIIA on a key factor and an important therapeutic target in the treat-
ment of ALI; glycocalyx degradation and shedding. The observed effect 
may be due to its well reported antioxidant anti-inflammatory actions 
that can affect glycocalyx enzymatic degradation. This effect was further 
augmented by drug loading into NE probably due to the innate phar-
macological activity of TTO and rhamnolipid and the enhanced in vivo 
performance of nanoformulations. Our findings possibly offer a new 
platform for the treatment of ALI through decreasing endothelial 
dysfunction and vascular leakage. 
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