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Rats

Budesonide (BUD), a glucocorticoids drug, inhibits all steps in the inflammatory response. It can reduce and
treat inflammation and other symptoms associated with acute lung injury such as COVID-19. Loading BUD
into bilosomes could boost its therapeutic activity, and lessen its frequent administration and side effects.
Different bilosomal formulations were prepared where the independent variables were lipid type (Choles-
terol, Phospholipon 80H, L-alpha phosphatidylcholine, and Lipoid S45), bile salt type (Na cholate and Na
deoxycholate), and drug concentration (10, 20 mg). The measured responses were: vesicle size, entrapment
efficiency, and release efficiency. One optimum formulation (composed of cholesterol, Na cholate, and 10 mg
of BUD) was selected and investigated for its anti-inflammatory efficacy in vivo using Wistar albino male rats.
Randomly allocated rats were distributed into four groups: The first: normal control group and received
intranasal saline, the second one acted as the acute lung injury model received intranasal single dose of
2 mg/kg potassium dichromate (PD). Whereas the third and fourth groups received the market product
(Pulmicort® nebulising suspension 0.5 mg/ml) and the optimized formulation (0.5 mg/kg; intranasal) for
7 days after PD instillation, respectively. Results showed that the optimized formulation decreased the pro-
inflammatory cytokines TNF-¢, and TGF-g8 contents as well as reduced PKC content in lung. These findings
suggest the potentiality of BUD-loaded bilosomes for the treatment of acute lung injury with the ability of
inhibiting the pro-inflammatory cytokines induced COVID-19.

© 2022 Published by Elsevier Inc. on behalf of American Pharmacists Association.

Introduction

enhance their absorption and, consequently their bioavailability.>’
Also, they are safe with no reported toxicity, which makes them suit-

Budesonide (BUD) is an anti-inflammatory drug that can be classi-
fied based on the biopharmaceutics classification system (BCS) as
class IL It reduces the body’s natural defense response.' Recently,
research has shown that BUD has a significant anti-inflammatory
effect in the treatment of coronaviruses.” However, its hydrophobic
nature comprises an essential hindrance in its clinical use, manifested
by its low solubility/dissolution rate affecting its absorption. Thus, a
proposed strategy for improving its bioavailability is its inclusion
within stable lipid vesicles, bilosomes.>

Bilosomes comprise type of vesicular carrier composed of bile acid
salts integrated within the bilayer membrane of the non-ionic surfac-
tant molecules.” They are soft and flexible carriers with more efficient
penetration capability.>® When loaded with therapeutic agents, they
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able for drug delivery purposes.®

Different lipid constituents could be used for the formulation of
vesicles; four types of lipids were used in this study; cholesterol,
Phospholipon 80H, Lipoid S45, and L-alpha Phosphatidylcholine. Cho-
lesterol is a widely used component for vesicles preparation with a
proven efficacy in reducing vesicles size and increasing vesicles
entrapment efficiency.?~'? Specifically, cholesterol improved the sta-
bility of bilosomes, decreased their vesicular size, and enhanced their
entrapment efficiency.'>'* On the other hand, Phospholipon 80H,
hydrogenated Phospholipids from soybean containing 70% Phospha-
tidylcholine, has been reported to enhance the homogeneity of bilo-
somes, as when incorporated within bilosomal structures, small-
sized vesicles are produced.'> Moreover, it has the ability to enhance
vesicles’ penetration.'® Also, Lipoid S45, a soybean lecithin free of fat
containing 45% Phosphatidylcholine, is efficient in generating vesicles
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Table 1
Mixed factorial design 4'.22 proposed for preparing and optimizing BUD-loaded bilosomal vesicular systems.
Factors (independent variables) Levels
Lipid type Cholesterol Phospholipon 80H L-a-phosphatidylcholine Lipoid S45
Bile salt type Na cholate Na deoxycholate
Drug concentration 10 mg 20 mg
Factors (dependent variables) Constraints
Y1:Vesicle size (VS) Minimize
Y2:Entrapment efficiency (EE) Maximize
Y3:Release Efficiency (RE) Maximize
with high penetrating ability.'®!” Whereas, L-alpha phosphatidyl- Methods
choline is known to maintain the membrane permeability.'® Fabricati BUD-Loaded Bil IF lati
Potassium dichromate (PD) contains chromium (Cr) which can abrication of -Loaded Bilosomal Formulations
induce acute lung injury (ALI) and is accompanied by high morbidity . . . . . .
Experimental design. Mixed-factorial experimental design was

and mortality.'® Cr is widely used in industries released in the form
of toxic compounds such as hexavalent form (chromium VI) causing
carcinogenic, mutagenic, teratogenic effects>>?! and multiple organ
failure such as lung'® and kidney via inflammatory cytokine NF-«x 3.2
Also in lung, Cr generates reactive oxygen species (ROS) and inflam-
matory cytokine TGF-8 inducing acute lung injury. Furthermore, pro-
tein kinase C (PKC) contributes to the generation of ROS such as
superoxide anions and stimulates NADPH oxidase (NOX) provoking
acute injury in lung.>®> Coronavirus causes severe destruction to the
respiratory tract, specifically, the lung. When COVID-19 gets into the
respiratory tract, it results in a mild or highly acute respiratory syn-
drome associated with pro-inflammatory cytokines release. Accord-
ingly, the disease severity is related to the cytokine storm
production®® which causes high mortality risk.>**> Thus, an ideal
strategy to overcome the symptoms is to target drugs to pro-inflam-
matory cytokines.?5?”

The aim of this study is to encapsulate BUD within bilosomal
vesicles aiming to increase its therapeutic efficacy for targeted pul-
monary delivery. Then, BUD-loaded bilosomes were investigated to
relieve lung inflammation. Bilosomal formulations were analyzed
according to a mixed factorial experimental design with the aid of
Design-Expert® software. Accordingly, the selected optimized formu-
lation was assessed for its in vivo performances using Wister albino
male rats model to investigate its anti-inflammatory effect against
acute lung injury that induced by PD via measuring the following
cytokines inflammatory mediators: Transforming growth factor beta
(TGF-B), and tumor necrosis factor alpha (TNF-«) as well as PKC.

Material and Methods
Materials

Budesonide (BUD) was kindly acquired from Jayco chemical
industries (INDIA), cholesterol (CSTRL), L-alpha phosphatidylcholine
(L-a-PC) (Soybean phosphatidylcholine with 33% phosphatidylcho-
line), span 60, sodium cholate (SC), Dialysis membrane with a molec-
ular weight cut off of 14,000 DA, and potassium dichromate (PD)
were brought from Sigma Aldrich (St. Louis, MO). Phospholipon 80H
(P 80H) and Lipoid S45 (L S45) were kindly obtained from Lipoid,
Switzerland. Sodium deoxycholate (SDC) was acquired from BDH
(England). Protein kinase C (PKC), and tumor necrosis factor alpha
(TNF-o) were purchased from specific SunLong, China, ELISA Kits,
transforming growth factor beta (TGF-f) was obtained from SinoGe-
neclone, China, ELISA Kkits. Potassium dihydrogen phosphate and
sodium dihydrogen phosphate were of analytical grade. Chloroform,
and methanol were bought from Fisher scientific for chemicals with
HPLC grade, UK. Ethanol was bought from International company for
sup & med Industries, Egypt.

adopted to prepare different BUD-loaded bilosomes using Design-
Expert® software (version 10.0.8.0 32-bit) (Tables 1 and 2). The stud-
ied factors can be listed as follows; drug concentration (10, 20 mg)
coded as (A), lipid type (CSTRL, P 80H, L-«-PC, and L S45) coded as
(B), and bile salt type (SC and SDC) coded as (C). The obtained formu-
lations were characterized for vesicle size (VS) coded as (Y1), %
entrapment efficiency (EE) coded as (Y2), and % release efficiency
coded as (Y3) (Table 1).

Preparation of BUD-Loaded bilosomes. Thin-film hydration technique
was used to prepare different BUD-loaded bilosomal formulations?®~>!
with slight modification. Accurately weighed amounts (0.0965 gm)
of lipid (CSTRL, P 80H, L-a- PC, or L S45), 1.1965 gm Span 60, and
(10 or 20 mg) of BUD were dispersed in 10 ml organic solvent com-
posed of methanol/chloroform (2:1) in a 250 ml round-bottomed
flask by sonication (Elmasonic S 30 H, Germany). The resulting
organic dispersion was gradually vaporized at 80 rpm, and 50 +
0.5°C under vacuum for 30 min using a rotary evaporator (Heidolph,
Germany) until a homogenous thin, completely dried film was
obtained. The produced film was then exposed to hydration with
10 mL aqueous solution containing 0.215 gm of bile salt (SC or SDC)
at the same used temperature under atmospheric pressure for
another half an hour to allow the formation of a colloidal
dispersion.*?®3? Table 2 demonstrates the composition of BUD-
loaded bilosomal formulations.

Characterization of BUD-Loaded Bilosomes

Assessment of vesicles size (VS), polydispersity index (PDI), and zeta
potential (ZP). Dynamic Light Scattering, integrated into a Malvern
Zeta Sizer (Malvern, Germany) was used in order to measure the VS,
their degree of homogeneity (PDI), and zeta potential of the prepared
vesicles.>® Before measurement, samples were appropriately diluted
using de-ionized water to generate adequate scattering intensity.
Diluted bilosomal suspension was placed in the sample cuvette and
measured. For each sample, three independent assays were taken at
a scattering angle of 90° and a temperature of 25+2°C.>*

Determination of Entrapment Efficiency-Values. This was assessed
indirectly by calculating the free amount of BUD in the colloidal dis-
persion. Thus, specific volume of each preparation was centrifuged
under cooling (-4°C) at 15000 rpm for 60 min (Sigma 3-30KS, Ger-
many). The separated supernatant was measured for the BUD amount
spectrophotometrically at 247 nm (Jasco UV spectrophotometer V-
630, Japan). The following equation was used to determine EE%>!%°:

Total amount of BUD — amount of free BUD o

Total amount of BUD 100

EE (%) =
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Table 2
Composition of the prepared BUD-loaded bilosomal vesicular systems.

Formula Type of lipid Type of bile salt ~ Drug concentration(mg)

F1 Cholesterol Na cholate 10
F2 Na deoxycholate 10
F3 Na cholate 20
F4 Na deoxycholate 20
F5 Phospholipon 80H Na cholate 10
F6 Na deoxycholate 10
F7 Na cholate 20
F8 Na deoxycholate 20
F9 L-a-phosphatidylcholine  Na cholate 10
F10 Na deoxycholate 10
F11 Na cholate 20
F12 Na deoxycholate 20
F13 Lipoid S45 Na cholate 10
F14 Na deoxycholate 10
F15 Na cholate 20
F16 Na deoxycholate 20

Each formula was assessed in triplicate and the results were
stated in the form of mean + SD.

In vitro BUD release study. In brief, the obtained BUD-loaded bilo-
somes, after centrifugation, were placed into cellulose dialysis bags,
which were then tightly closed at both ends. The cellulose dialysis
bags were immersed in phosphate buffer (100 mL, pH 7.4) containing
20% v/v of absolute ethanol. The release media were kept at 37+0.5°C
in a thermostatically controlled shaker (LKLAB, Korea) at 100 rpm.
Sampling (2 mL) was performed at predetermined time intervals and
were taken out for 72 h and exchanged with fresh medium. Samples
were spectrophotometrically analyzed at 247 nm (Jasco UV spectro-
photometer V-630, Japan).’® The release experiments were per-
formed in triplicates with the data displayed as the mean values +
SD.

The obtained in vitro BUD release data from different prepared
bilosomal formulations were evaluated and the release efficiency
(RE%) was calculated from the area under the release curve at time t.
The parameter relates the area under the release curve to the rectan-
gle corresponding to full drug release (100%, Y100).>> The equation
used for its calculation is listed below:

t
:foyxdtx

RE%
Yioo X £

100

Where y represents %BUD releases at certain time t.

Optimization and Validation of the Experimental Model

Design-Expert® software (version 10.0.8.0 32-bit) was used to
analyze the collected data for the studied responses using ANOVA
test. Design-Expert® software picks the suitable model that best fits
the data. Following data analysis, the optimization process was got
using the desirability index which provide the information about the
needed level of each response with a specified mixture of the deter-
mined variables.*” = In our designed experiment, the specifications
for the desired bilosomal formulation were to minimize Y1 and maxi-
mize Y2 and Y3.

Characterization of the Optimized Bilosomal Formulation

Morphology examination of optimized BUD-loaded bilosomal formula-
tion. The morphology of the selected BUD-loaded bilosomal formula-
tion was inspected using transmission electron microscopy (TEM;
JEOL, Japan). One drop of the diluted studied sample was placed on a
copper grid, left to dry. Then, staining was performed by (1% w/v)
phosphotungstic acid, and dried again at room temperature for
10 min prior to TEM visualization.?®

Differential Scanning Calorimetry (DSC). The thermal properties of
CSTRL, SC, Span 60, BUD and the lyophilized optimum BUD-loaded
bilosomal formulation were examined using differential scanning
calorimeter (Model DSC-50; Shimadzu, Kyoto, Japan). Purified indium
(99.9%) was used for apparatus calibration. Samples were accurately
weighed (3 mg) and located in standard aluminum pans. Samples
were exposed to a gradual heating at a scanning rate of 10°C/min
from 10°C to 300°C.*

Pharmacological Studies

Wister albino male rats of 140—150 g were obtained from the Ani-
mal House of the National Research Centre (Cairo, Egypt). Groups of
rats were accommodated under controlled conditions of temperature
and light (24+2°C under a 12 h light/dark cycle, respectively). Rats
were permitted to free access to water and food (standard laboratory
rodent chow). The in vivo study was approved by the Research Ethics
Committee, Faculty of Pharmacy, Ahram Canadian University, Cairo,
Egypt (No. CEU 422).

Experimental Design. Thirty two rats were randomly allocated in four
groups (n = 8). First group was served as the normal group and
administered intranasal saline. The second group received PD as a
single intranasal dose of 2 mg/kg and was considered as the model of
acute lung injury group.?® Whereas, the third and fourth groups
received the market product (Pulmicort®) and the selected BUD-
loaded formulation, respectively (0.5 mg/kg; intranasal)** for 7 days
after PD instillation.

Determination of TNF-c, TGF- and PKC. Rats were anaesthetized and
sacrificed by decapitation. Lung was separated, rinsed with saline
and reserved in cold phosphate buffer (pH 7.4). Lung homogenate
(20%) was prepared by a homogenizer (Heidolph, DIAX 900, Ger-
many) which was then separated by centrifugation at 4°C and 2000
xg for 20 min. The separated supernatant was stored at -80°C*! and
used for determination of lung contents of TNF-or, TGF-8 and PKC
using ELISA kits.

Histopathological Assessment

Autopsy samples were taken from the lung of rats in different
groups, fixed in 10% formol saline for 24 h, washed with water and
dehydrated with serial dilutions of alcohol (methyl, ethyl and abso-
lute ethyl alcohols). Samples were cleared in xylene and placed in
paraffin bees wax at 56°C in hot air oven for 24 h. Paraffin tissue
blocks were cut by sledge microtome to 4 um thickness. The
obtained tissue sections were collected on glass slides, deparaffi-
nized, stained by hematoxylin & eosin stain for regular examination
using light electric microscope®? (H&E 16 x and 40 x).

Statistical Analysis

The obtained data were expressed as mean =+ SD. The statistical
significance of differences was analyzed by one way analysis of vari-
ance (ANOVA), followed by Tukey’s multiple comparisons test using
Graph pad Prism software, version 5 (Inc., San Diego, USA). P-values
of lower than 0.05 were considered significant.

Results and Discussion
Characterization of BUD-Loaded Bilosomes

Vesicles Size (VS), Polydispersity Index and Zeta Potential

VS plays an important role in determining the in vitro and in vivo
performances.** The estimated results of the VS for the bilosomal for-
mulations are demonstrated in Table 3. VS-values ranged from
213.3+8.35 to 987.44+60.7 nm. The used software, Design Expert®,
permitted the consideration of all studied responses in chorus, it
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Table 3

Characterization of the prepared bilosomal vesicles (size, PDI, zeta potential, EE and Q72 n).
Formula Size (nm) PDI Zeta potential (mV) EE (%) Q72n(%)
F1 215.945.06 0.28 -62.40+0.28 71.96+1.34 98.9+1.90
F2 215.0+4.27 0.26 -62.48+1.80 49.49+3.10 75.9+0.82
F3 419.9+19.8 0.45 -61.72+£1.84 85.66+0.56 70.7+£2.40
F4 294.4+4.54 0.45 -60.50+0.56 61.17+2.62 49.2+1.62
F5 216.94+3.69 0.46 -56.3+02.26 49.97+0.001 38.4+0.84
F6 213.3+8.35 0.49 -56.97+1.14 46.32+0.01 30.34+1.86
F7 620.7+9.30 0.34 -47.80+0.42 83.77+£1.85 25.0+1.13
F8 475.5+38.3 0.49 -54.25+1.92 71.484+1.09 17.6 £0.86
F9 539.44+17.3 0.49 -58.94+0.42 34.5540.03 78.5+£3.90
F10 403.6+15.8 0.54 -56.15+0.98 37.80+0.52 65.2+3.66
F11 987.4+60.7 0.44 -50.37+1.32 62.26+3.03 35.2+1.48
F12 638.8+11.0 0.45 -63.38+2.61 44.47+3.95 30.54+1.16
F13 470.84+16.6 0.44 -58.78+1.72 47.50+0.14 53.6+0.80
F14 337.3+18.3 0.45 -63.42+2.0 41.20+1.41 45.3+1.10
F15 571.24+33.6 0.52 -55.07+£2.21 61.96+0.06 26.8+0.12
F16 489.1+12.3 0.49 -63.95+0.85 44.96+0.15 18.6+0.80

selects the model that fits the data.** The significance level of the
tested independent variables on the VS was evaluated by the ANOVA
test, and demonstrated the significant effect of all of the studied vari-
ables (BUD concentration (A), lipid type (B), and bile salt type (C) on
the VS (p < 0.05)). Design Expert® plots presenting the impact of fac-
tors on the VS are shown in the supplementary file attached (Fig. S1).

As shown in Table 3, vesicles prepared using CSTRL displayed the
smallest size significantly compared to those prepared with P 80H, L-
o- PC, and L S45. CSTRL gives vesicles of small size and same results
were obtained previously.**~® This is referred to its ability to stabi-
lize the vesicles, which in turn leads to a decreased tendency of the
prepared vesicles to diffuse into each other, resulting in producing
vesicles of small size.!”*°

On the other hand, it was noticed that the increase in PC percent-
age exerted a decreasing effect on VS. This is related to the increased
emulsification power as the amount of PC increases.”>°! This is
clearly manifested in our results as the vesicles prepared with L-o-
PC displayed the largest size followed by L S45 then P 80H (percent of
PCis 33, 45, and 70, respectively).

P 80H produced vesicles of larger size compared to CSTRL; this
was previously demonstrated by Sebaaly et al.'”> Whereas the larger
vesicles size of L S45 compared to CSTRL could be related to its pack-
ing parameter and phase Tm.>?

The bile salt type exerted an obvious influence on the prepared
vesicles’ sizes. VS of the bilosomal formulations prepared with SC
were larger than those prepared with SDC, similar results were previ-
ously obtained.>** This could be due to the greater HLB value of SC
(18) compared to HLB value of SDC (16).°* Larger vesicles are usually
produced from surfactants of higher HLB values.>® This is due to the
higher water intake that occurs as HLB values increase, resulting in
vesicles of large sizes.*®

The study also reveals that drug concentration exerted a significant
impact on VS. It was observed that by increasing drug concentration,
the VS increases. Previous studies had reported a direct relationship
that correlates VS with increasing drug concentration.’®>>>” Higher
drug concentration means more drug molecules incorporated within
the hydrophobic zones in the vesicles which extend the distances
between the vesicular bilayers.”**’

The PDI of the prepared bilosomal formulations demonstrated
values ranging from 0.26 to 0.54, indicating narrow distribution of
size as well as reasonable homogeneity (Table 3). As the PDI-values
are small and far from 1, this indicates monodispersed particle
population.®®>°

The prepared bilosomal formulations demonstrated negative
charges ranging from -47.80+£0.42 to -63.954+0.85 mV, which can
indicate the acceptable stability, and that they have adequate charges

that could minimize vesicles aggregation. The presence of the anionic
bile salts in the vesicular structure contributed to the resulted nega-
tive charges ZP-values.*°°

Entrapment Efficiency

Bilosomes are capable of entrapping significant amount of BUD
which is considered a prospective feature for its usage as a vesicular
carrier. The average EE-values of BUD in different bilosomal formula-
tions ranged from 34.55+0.03 to 85.66+0.56%, as shown in Table 3.

As demonstrated by the ANOVA analysis, all the examined inde-
pendent variables had a significant effect (p<0.05) on the EE% of BUD
within the prepared bilosomes; namely: BUD concentration (A), lipid
type (B), and type of bile salts (C). Design Expert® plots presenting
the impact of factors on the EE are shown in the supplementary file
attached (Fig. S1).

The highest EE-values were recorded for BUD-loaded bilosomal
formulation prepared using CSTRL as the lipid component (values
ranged from 49.49+3.10% to 85.6640.56%). High drugs EE-values
were previously recorded to be associated with the use of CSTRL>"
45.56.61.62 CSTRL enhances the microviscosity of the vesicular mem-
brane by abolishing the surfactant bilayer’s gel-to-liquid phase tran-
sition. As a result, a highly-stable hydrophobic bilayer is formed,
which prevents drug permeation and consequently hinders its leak-
age in the bilayer region.’'**>*® Upon vesicles formation, CSTRL
reduces entrapped drug leakage by decreasing vesicles fluidity.>*%*
The elevated membrane mechanical stiffness and cohesion of the
vesicles; suggests the capability of the three 8-OH head groups of
CSTRL to place themselves nearby the sorbitan fatty acid ester groups
in the membrane bilayer whereas the lipophilic steroid ring allocat-
ing parallel to the used surfactant acyl chains. Furthermore, hydrogen
bonds are formed with ester group oxygen atoms of the sorbitan fatty
acid enhancing the strength of the bilayers.®*

Upon comparing the other lipids used, it was found that vesicles
prepared using P 80H produced the highest drug EE, followed by
those prepared using L S45 and then L-- PC. Similar drug EE-values
ranges for the studied lipids were recorded in earlier studies.'>4%6>
56 It has been previously demonstrated that the concentration of PC
directly affects the EE-values.°”°® The acyl chains of PC offer an
encouraging environment for solubilizing hydrophobic drugs. There-
fore, the higher the amount of the acyl chains, the higher the
entrapped drug amount within the vesicles.”” Moreover, the
increased amount of PC within the vesicles leads to an increase in the
bilayers numbers with increased rigidity, and thus, higher drug
retaining capacity is produced.’® This was reflected in the obtained
EE-values, which matched the ranking of the contained PC content in
the used lipids (70, 45, and 33 for P 80H, L S45, and L-«-PC,
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respectively); increasing the PC percent increased the mean EE signif-
icantly. The distribution of the drug molecules incorporated within
vesicular formulations depends on the physicochemical properties of
the drug. The incorporation could be in the following regions: within
the internal core phase, into the membrane bilayer, or onto the vesi-
cle membrane.”! Being a hydrophobic drug, BUD is predicted to be
entrapped within the nonpolar lipid bilayer.”? Thus, the increased
amount of PC in the vesicles leads to enhancing the bilayers numbers
and rigidity as well as the drug retaining capacity.”®

Bile salt type exerted a noticeable effect on BUD EE-values. Bilo-
somes prepared with SC showed higher EE-values than those pre-
pared with SDC. The reason behind this might be related to the
higher HLB-value of SC compared to SDC (HLB= 18 and 16,
respectively).>'>*”> The impact of the HLB value indicates that the
critical packing parameter of the vesicles should consider the pres-
ence of hydrophobic drugs due to their incorporation in the vesicular
bilayer.>* In the current study, the presence of the hydrophobic drug,
BUD, could enhance the critical packing parameter for bilayer
formation.”*

The concentration of BUD played a significant role in the obtained
EE-values. Bilosomal formulations prepared using a higher initial
concentration of BUD demonstrated higher EE-values. Previous stud-
ies showed the directly proportional relationship between the initial
drug concentration and the resulted EE-values.®*”>~77 This might be
attributed to the saturation of the media with BUD, which, in turn,
reserves it encapsulated within the formed vesicles.”*®

In-Vitro Drug Release

This study was performed in order to investigate the influence of
various formulation variables on BUD release from the studied vesic-
ular preparations. The release profiles of BUD from the studied
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vesicular preparations are demonstrated in Fig. 1. As demonstrated
in the figure, all of the studied bilosomal formulation exhibited sus-
tained release patterns of BUD, offering an additional advantages
over other drug carriers.'®>! These results indicated that loading
BUD into bilosomes could lessen its frequent administration and side
effects. By analyzing ANOVA test results, it was found that BUD con-
centration (A) and lipid type (B) exerted a significant effect (p<0.05)
on the release of BUD from the prepared bilosomes. The high affinity
of BUD for the hydrophobic components in the bilosomal formulation
could be the reason for its slow release.> Design Expert® plots pre-
senting the impact of factors on the % RE of BUD from different bilo-
somal formulations are shown in the supplementary file attached
(Fig. S1).

As depicted from Fig. 1, bilosomal formulations prepared using
CSTRL demonstrated the highest percentage of drug release. This might
be largely related to its smallest VS among the other investigated lipids.
Smaller vesicles produce a larger surface area for BUD release. Also, in
small-sized vesicles, most of the drug molecules are associated at or
near the particles’ surfaces leading to faster drug release.”® On the
other hand, it was noted that the drug release showed a faster pattern
from L-a-PC-based bilosomes > L S45-based formulations > P 80H-
based formulations. It is clearly attributed to the difference in PC per-
cent between them. Increasing the percent of PC decreases the drug
release rate; this agrees with former studies.’! 678°

The results of the study revealed the inversely proportional rela-
tionship between BUD concentration and its release from the studied
formulations. It was noted that as the concentration of drug increase,
drug release decrease. A previous study by Guinedi et al. demon-
strated that formulations with high EE exhibited slower drug release.
This might be attributed to entrapping of more drug molecules
within the several concentric spheres of lipid bilayers composing the
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Figure 2. Transmission electron micrograph of the optimized bilosomal formulation
(F1).

multilamellar vesicles. This leads to more crowds of drug molecules
which hinders their diffusion through the multilamellar vesicles,
thus, slowing down the release.?'

Upon studying BUD release from the vesicular systems (Bilo-
somes) and comparing it with its free form, the release pattern
was slow for the BUD loaded bilosomes (72 h) and fast for free
drug (6 h). This sustained release profile of the bilosomal systems
may suggest good anti-inflammatory activity and assure its
safety.!”>182 This improves the therapeutic efficacy so decreases
drug’s toxicity and adverse effects, and increases patient’s compli-
ance with less frequent dosing so improves the quality of life and
reduces health care cost.>* &

Optimization

Optimization was performed applying the desirability function
which was equal to 0.793, the graph showing the desirability of the
prepared formulation is presented in the attached supplementary file
(Fig. S2). The bilosomal formulation (F1) attained the smallest VS, rea-
sonable EE-value, and maximum RE-value. Thus, F1 was the formula-
tion of choice for further analysis including its morphology and
thermal assessments as well as the in vivo study.

Characterizations of the Optimized BUD-Loaded Bilosomal Formulation

Morphology

Morphology of the selected bilosomal system (F1) was manifested
by TEM analysis. Images revealed non-aggregating, distinct and
spherical vesicles (Fig. 2). There was a good match between the mean
VS using the TEM analysis and those obtained from Malvern particle
size analyzer.

Differential Scanning Calorimetry

Fig. 3. shows the DSC thermograms of BUD, CSTRL, SC, Span 60,
and the optimized bilosomal formulation. DSC study revealed the
presence of pure BUD in a crystalline state. The DSC analysis confirms
the crystalline character of BUD that exhibited a characteristic melt-
ing endotherm at 253.49°C.%* CSTRL showed endothermic peaks at
147.62°C,%> SC showed small broad peak at 127.27°C, while Span 60
demonstrated its 3 endothermic peaks at 56.41°C, 124.09°C, and
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Figure 3. DSC thermograms of (a) cholesterol, (b) span 60, (c) BUD, (d) sodium cholate
and (e) lyophilized optimized bilosomal formulation (F1).

247.65°C. In the selected bilosomal system, the complete disappear-
ance of the characteristicc BUD peaks indicated that it was
completely encapsulated within the formed bilosomes,'”-28:36:86:87

Pharmacological Effect of Optimized BUD-Loaded Bilosomal Formulation

Effect on lung contents of TNF-« and TGF-

In the current study, instillation of PD produced an elevation of
TNF-o¢ and TGF-8 lung contents by 4.8 and 0.6 folds, respectively,
upon comparison with the control group data, suggesting that PD
induced inflammation and lung injury. The administration of market
product (Pulmicort®) and the selected BUD-loaded bilosomal formu-
lation (F1) produced a significant reduction in lung contents of TNF-c
by 45% and 78% respectively, TGF-8 by 9% and 27% in comparison
with those of PD rats. The administration of BUD-loaded bilosomal
formulation (F1) decreased lung contents of TNF-« and TGF-8 by 59%
and 20% respectively, in comparison with those of market product
(Pulmicort®) group. In addition, administration of F1 returned TNF-«
and TGF-B lung contents to their normal levels as those of the control
group (Fig. 4). These results indicated that BUD-loaded bilosomes
exhibited a significant effect in decreasing lung inflammation. Thus,
inclusion of BUD within bilosomes could boost its therapeutic activ-
ity. TNF- and TGF-81 stimulation have an important role in acute
lung injury via inducing inflammation and releasing ROS which in
turn affect bronchioles that become filled by mucous and destruct
alveolar walls.'® Previous studies revealed that BUD decreased TNF-or
in Wistar male rats with injured lungs.®® Another study performed
on mice that administered intratracheal lipopolysaccharide to induce
acute lung injury showed that the pretreatment with BUD signifi-
cantly reduced pathological injury, pathological scores, and
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Figure 4. Effect of Budesonide on TNF-« (a) and TGF-g (b) in the lung Data are presented as the mean =+ SD. of (n=8) for each group. Statistical analysis was carried out by one-way
analysis of variance followed by Tukey’s multiple comparisons test. Same letter means non-significant difference, while different letter means significant difference at p < 0.05.

decreased TNF-a.®° Also, BUD modulates airway inflammation
induced by ovalbumin aerosol and allergen challenge through con-
trolling TGF-8 cytokine.®® Additionally chronic obstructive pulmo-
nary disease was induced in groups of rats by administration of
lipopolysaccharide intratracheally with cigarette smoking, BUD
resulted in decreasing TGF-g, and implied its potency against this
pulmonary disease.’’ Previous clinical study revealed that nebulized
BUD showed significantly improved reduction of inflammatory
markers such as TNF-« in respiratory distress patients.”?

The previous findings reinforced that encapsulation of BUD within
the proposed bilosomal carrier as a targeted pulmonary delivery sys-
tem displayed prolonged BUD release at the desired site with less-
ened systemic exposure. Therefore, it could be expected to enhance
its therapeutic activity. A consequent outcome is to decrease any pos-
sible systemic side effects and frequent dosing.>* The current study
could provide a promising evidence for the enhanced efficacy of
BUD-loaded bilosomes for relieving acute lung injury.
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Figure 5. Effect of Budesonide on PKC in the lung Data are presented as the mean +
SD. of (n=8) for each group. Statistical analysis was carried out by one-way analysis of
variance followed by Tukey’s multiple comparisons test. Same letter means non-signif-
icant difference, while different letter means significant difference at p < 0.05.

Effect on Lung Content of PKC

PKC lung content was elevated by 2 fold in PD group when com-
pared to control group data. The administration of market product
(Pulmicort®) and the optimized formulation (F1) decreased PKC lung
content by 29% and 61% respectively, as compared to PD group data.
The lung contents of PKC was decreased by 45% after treatment with
formula as compared to market product (Pulmicort®) group and
returned to its normal level as compared to normal control group
(Fig. 5).%° Clinically, BUD exerts an antioxidant activity as it reacts
with glucocorticoid receptors in patients with asthma targeting
human neutrophils leading to a fast reduction of ROS.**

From the previous findings, the superiority of our suggested opti-
mized BUD-loaded bilosomal formulation is clearly perceived as a
potent anti-inflammatory agent. The proved boosted activity can be
mainly resulted from the enhanced dissolution and penetration of
BUD, that, accordingly, could bring about more improved absorption
and consequently enhanced bioavailability of BUD. Following their
systemic distribution, vesicular systems would lead to improved
drug uptake across living tissues by the virtue of their permeability
as well as nanometric size.>! The size of a vesicular carrier exerts a
great influence on its in vivo cellular uptake via endocytosis. A previ-
ous article by Niu et al.>® stated that vesicles with particle size rang-
ing from 80 to 400 nm demonstrated enhanced cellular uptake as
compared to carriers with larger sizes. Endocytosis is an energy
dependent process, thus, less energy is required during the process is
required for smaller uptake.® The delivery of BUD encapsulated
within the proposed carrier is expected to treat acute lung injury
more efficiently compared to its non-encapsulated form. Encapsula-
tion can confine BUD primarily to lung tissues.>*

Histopathological Study

Histopathological photos of lung sections from rats of the normal
control group showed normal lung structure and normal bronchiole
and surrounding air alveoli in the parenchyma (Fig. 6 A&B). The lung
of experimentally induced lung injury rats by potassium dichromate
showed severe congestion detected in the blood vessels associated
with focal perivascular inflammatory cells aggregation surrounding
the blood vessels (Fig. 6 C&D), focal inflammatory cells aggregation
was detected also in the parenchyma with collapse of the surround-
ing air alveoli (Fig. 6 E&F). The lung of experimentally induced lung
injury rats and treated by commercial form (Pulmicort®) showed
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Figure 6. Photomicrographs of histopathological lung sections: A&B: normal control rats, C,D,E&F: PD-induced lung injury (positive control), G&H: PD-induced lung injury and
treated by commercial drug (Pulmicort®), 1&]: PD-induced lung injury and treated by F1. (H&E, x 16 for A, C, E, G and I; H&E,x40 for B, D, F, H and ]). *a: alveoli, b:bronciole, c:col-

lapse, bv: blood vessels, m: inflammatory cell aggregation.

focal few inflammatory cells aggregation in the peribronchiolar tissue
associated with congestion in the blood vessels (Fig. 6 G&H). On the
other hand, the lung of experimentally induced Iung injury rats and
treated by F1 showed normal histological structure (Fig. 6 I&]).

In previously published researches, BUD showed significant effect
in reducing lung inflammation when lung inflammation induced by

ovalbumin in mice®® and when lung inflammation induced by venti-
lation in rats® and also when lung injury induced by lipopolysaccha-
ride in Wistar rats.®? More specifically, BUD was found to enhance
oxygenation and lung mechanisms when administered by nebuliza-
tion to patients with acute respiratory distress syndrome, this is asso-
ciated also with the obvious reduction of the measured inflammation
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markers.”? Being a corticosteroid with anti-inflammatory and immu-
nomodulatory characteristics, BUD is able to constrain early distinctive
antiviral immune reactions in vitro, proposing its ability to confine
extreme inflammation.”® Additionally, several clinical trials performed
on asthma patients verified the advantageous impact of inhaled BUD
on airway inflammation and hyper-responsiveness.”’~*° In a recent
study, encouraging results were obtained indicating a promising activ-
ity of BUD against SARS-CoV-2 and COVID-19.” Moreover, the intrana-
sal inhalation of BUD ameliorated Iung injury and decreased
uncontrolled inflammation suggesting its effectiveness for the treat-
ment of acute respiratory distress syndrome in clinical practice.°

Histopathological results indicated enhanced tissue recovery of
rats treated with F1. This could have largely been related to the
greater accumulation capacity of bilosomes within the affected
inflammatory areas. The histological changes, indicative of inflamma-
tory injury, were noticeably relieved by treatment with BUD-loaded
bilosomes, signifying that their rapid and effective healing impact on
lung tissues.

The obtained in vivo results, assured by the histopathological
study, could largely indicate that BUD-loaded bilosomes effectively
targeted lung tissues, significantly decreased lung inflammation,
extended BUD retention at the targeted site. Hence, it is expected to
maximize BUD therapeutic index.

Conclusion

In the presented study, bilosomes were prepared adopting thin
film hydration technique. Three independent variables were studied;
BUD concentration, type of the used lipid and type of the used bile
salt. Upon analyzing the obtained data, an optimized BUD-loaded
bilosomal formulation (F1) was selected as it displayed promising
results regarding VS (215.945.06 nm), EE-values (71.9641.34%) as
well as sustained release characteristics. Morphological assessment
by TEM proved the formation of spherical vesicles while DSC study
confirmed complete entrapment of BUD within the formed vesicles.
To assess the in vivo performance of the prepared formulation versus
the available market product, a PD-induced acute lung injury in rat
model was adopted. Results of the present study provides an experi-
mental evidence for the effect of optimized BUD-loaded bilosomal
formulation (F1) on PD-induced acute lung injury in rats via modula-
tion of TGF-B/PKC, and proved its potent effect on treating inflamma-
tion as depicted from the histopathogical study. Overall, the obtained
data designates that BUD inclusion within the suggested bilosomal
system is an auspicious technique to enhance its activity against
acute lung injury.
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