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Inhaling drugs, on the other hand, is limited mainly by the natural mechanisms of the respiratory system,
which push drug particles out of the lungs or make them inefficient once they are there. Because of this,
many ways have been found to work around the problems with drug transport through the lungs.
Researchers have made polymeric microparticles (MP) and nanoparticles as a possible way to get drugs
into the lungs. They showed that the drug could be trapped in large amounts and retained in the lungs for
a long time, with as little contact as possible with the bloodstream. MP were formulated in this study to
get dexamethasone (DMC) into the pulmonary area. The Box-Behnken design optimized microspheres
preparation to meet the pulmonary delivery prerequisites. Optimized formulation was figured out based
on the desirability approach. The mass median aerodynamic diameter (MMAD) of the optimized formula
(O-DMC-MP) was 8.46 + 1.45 pm, and the fine particle fraction (FPF) was 77.69 + 1.26%. This showed that
it made suitable drug delivery system, which could make it possible for MP to settle deeply in the lung
space after being breathed in. With the first burst of drug release, it was seen that drug release could last
up to 16 h. Also, there was no clear sign that the optimized formulation was toxic to the alveoli basal
epithelial cells in the lungs, as supported by cytotoxic studies in HUVEC, A549, and H1299 cell lines.
Most importantly, loading DMC inside MP cuts the amount of drug into the bloodstream compared to
plain DMG, as evident from biodistribution studies. Stability tests have shown that the product can stay
the same over time at both the storage conditions. Using chitosan DMC-MP can be a better therapeutic
formulation to treat acute respiratory distress syndrome (ARDS).
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction et al,, 1999). MP can be made from various polymeric materials,

both natural and semi-synthetic, or even from artificial materials.

Particle drug delivery methods are becoming more important in
clinical medicine and pharmacology research. Microspheres (MP)
are small, round particles with sizes from 1 to 1000 pm (Rowley
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As drug delivery systems, MP have several significant benefits,
such as protecting the encapsulated active agent from being bro-
ken down by enzymes; being able to precisely control the rate at
which the encapsulated drug is released over timescales ranging
from hours to months; and being easy for administration (com-
pared to other parenteral controlled release dosage forms, and
large implants etc.). Emulsion crosslinking is one of the most com-
mon methods used in the pharmaceutical formulation for microen-
capsulation, which is sensitive to heat and improves the way
granules flow (Anandharamakrishnan et al., 2007). Emulsion
crosslinking is an easy-to-find, fast, and ongoing way to turn a
solution or dispersion into solid particles like granules or MP. Var-
ious process parameters always determine the nature of the pre-
pared formulation (Ezhilarasi et al., 2014).
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“Quality by Design” (QbD) is the pharmaceutical industry’s
magic bullet for obtaining the most sought-after product with
the most desirable qualities while simultaneously making it easier
to overcome regulatory barriers. The goals QbD approach to pro-
duct development are to guarantee steady improvements in pro-
duction and attest to the realization of an intended level of
quality in the final product (Rathore and Winkle, 2009) completion
of an intended level of quality in the final product (Rathore and
Winkle, 2009). A subset of QbD called the Design of Experiments
(DoE) offers a mathematical justification for the undefined param-
eters that emerge during the formulation development process. By
delving deeper into DoE, a manufacturer can identify the critical
attributes of the materials and the process parameters that will
allow them to meet the specified essential quality characteristics
(Yu et al., 2014). The QbD technique helps optimize the formula-
tion characteristics of several drug delivery systems, including
MP, nanosystems (Charoo et al., 2012), transdermal, etc., according
to several recent findings(Aldawsari et al., 2022; Baldinger et al.,
2012; Hosny et al., 2022).

Pulmonary illnesses are the third most common reason people
decease around the world. They include cough, cold, asthma, bron-
chitis, and more severe diseases. Some of the most common things
in the pulmonary area are lung infections, high blood pressure in
the airways, and the production of cytokinin. Pulmonary drug
transport is an excellent way to get drugs to work locally and
throughout the body (Dolma Gurung and Kakar, 2020). But, to
make a perfect pulmonary drug transport system, there is a need
to know the factors that affect it, such as the cause, the pathophys-
iology, and the different barriers (mechanical, chemical, immuno-
logical, and behavioral). Formulation techniques and how
particles settle in the lungs are essential for sound delivery. Several
pieces of literature have shown the efficiency of pulmonary drug
delivery systems by formulating various dosage forms (Cipolla
et al.,, 2014; Karimi et al., 2018; Torge et al., 2019; Wang et al.,
2022).

Because of its biodegradability, biocompatibility, and low toxi-
city, the natural carbohydrate polymer chitosan has long been
studied for drug delivery and medical uses. Hydrolysis, oxidation,
and enzymatic processes are the usual processes in the degrada-
tion of polymers. Degradation of chitosan, which is often hydro-
lyzed by enzymes lysozyme (which is accessible in the human
body, particularly in the lungs) and chitinase, has been validated
by a small number of earlier publications. Enzymes that break
down glucosamine-glucosamine, glucosamine-N-acetyl-glucosa
mine, and N-acetyl-glucosamine-N-acetyl-glucosamine bonds can
also degrade chitosan. Chitosan can be seen to degrade into its
component  monomers  (D-glucosamine and  N-acetyl-
glucosamine) (Islam et al., 2019; Kean and Thanou, 2010; Rasul
et al., 2020).

Acute respiratory distress syndrome (ARDS) is a group of symp-
toms caused by lung emphysema (Powers, 2022). Most often, ARDS
is caused by bacterial pneumonia or pneumonia caused by a virus.
ARDS can also be caused by sepsis in places other than the lungs,
severe trauma, or breathing in stomach contents. (Ferguson et al.,
2012). There are between 5 and 35 cases of ARDS for every
100,000 people in the United States each year, depending on the
standards used and how the studies were done (Villar et al,
2016). Even though this syndrome has been studied in the lab
and in people for 50 years, there is still no helpful drug therapy
(Rubenfeld et al., 2005). Supportive care, like lung-protective ven-
tilation and a cautious approach to controlling fluids, is still the pri-
mary treatment (Maca et al., 2017). Because of this, it is essential to
study better ways of formulating various novel drug delivery sys-
tems. Dexamethasone (DMC), a corticosteroid, slows down the
inflammatory process caused by glucocorticoid receptors
(Abraham et al., 2006). This helps the body eliminate the disease
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by reducing inflammation and speeding up tissue balance
(Waljee et al., 2017). But taking low doses of dexamethasone for
a long time can cause significant side effects (Bleecker et al.,
2020). So, to treat ARDS, there needs to be a way to target the pul-
monary region through specific drug delivery systems such as MP.
With all the specified insights, this work aimed to optimize DMC
polymeric MP that can be injected into the lungs and could
improve the effectiveness of therapy in treating ARDS.

2. Materials and methods
2.1. Materials

Aurobindo Pharma of Hyderabad, India, generously donated to
DMC. Sigma Aldrich (India) was contacted for chitosan, liquid
paraffin, and glutaraldehyde, all of which were used in their pure
forms. All of the other solvents and compounds are of analytical
quality.

2.2. Preparation and optimization of DMC-loaded MP (DMC-MP)

The DMC-loaded chitosan MP was made with a simple method
called water-in-oil (W/O) emulsion crosslinking (Wang et al.,
2014), which is easy to scale up. In short, about 250 mg of chitosan
and 20 mg of DMC were put into 10 mL of a mixture of acetic acid
and ethanol that was 3:2 (v/v) in volume (Acetic acid with a con-
centration of up to 70% by weight is used to prepare chitosan solu-
tion). After fully dissolved, the solution was added slowly to a
certain amount of liquid paraffin with span-80 and quickly mixed
to make a water-in-oil emulsion. Then, a solution of glutaralde-
hyde (10%) was slowly added to the emulsion system and cross-
linked for 3 h until the microspheres got hardened. The
microspheres formed were, then filtered, and dried. The micro-
spheres were passed through a 20 m sieve and washed three times
with cold water. To prevent the sticking of MP to each other, water
with 20% mannitol was added. Then they were separated after
freeze-drying. One of the carriers employed in MP preparation,
mannitol, increases MP deposition in the lungs’ lower airways, a
finding validated by the formulation’s efficacy as an aerosol.

A statistical method was used to find the best way to make
DMC-MP. The concentrations of liquid paraffin (ml) (X1), glu-
taraldehyde (%v/v) (X2), and Span-80 (g) (X3) were some of the
independent factors that were choosen at. The codes -1, 0,
and + 1 show the low, medium, and high levels for each of the three
factorial levels for each of these factors (Islam et al., 2022; Naveen
et al., 2013; Rizg et al., 2022; Sreeharsha et al., 2022). Particle size
(PS-Y1) and the Entrapment efficacy (EE-Y2) were chosen as
dependent factors (Table 1).

2.3. Characterization of DMC-MP

2.3.1. PS determination

The PS and polydispersity index were determined using the
dynamic light scattering technique and a Malvern nano ZS 90 zeta
sizer (Malvern Instrument, Worcestershire, UK). Using Milli-Q
water, 100 mL samples were converted into 1 pL samples at
25 °C, and the particle size was determined (Nair et al., 2021;
Sreeharsha et al., 2021).

2.3.2. Determination of drug loading and EE

50 mg of DMC-MP was mixed with 40 mL of methanol, and then
the mixture was shaken for 30 min with a Vortex sonicator. After
that, the liquid ormulation was put through a filter. High-
Performance Liquid Chromatography (HPLC, Shimadzu, Kyoto,
Japan) was used to measure the amount of DMC calculated
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Table 1
Box-Behnken optimization design for DMC-MP.

The level used, actual and coded

Low (-1) Medium (-1) High (-1)

Independent variables

X1 = Liquid paraffin (ml) 10 20 30

X2 = Glutaraldehyde (%v/v)* 10 25 40

X3 = Span-80 (g) 0.25 0.5 0.75

Dependent variables Goal

PS (Y1)EE (Y2) MinimizeMaximize

" - Microspheres had a glutaraldehyde content of 0.1 ppm. The Occupational
Safety and Health Administration has set the safe level of glutaraldehyde exposure
at 0.8 mg/m3 (0.2 ppm).

(Brugnera et al., 2022; Heda et al., 2011) (Hagbani et al., 2022). A
250 x 4.6 mm and 5 um wide Qualisil C18 column was used for
chromatographic separation. The mobile phase was made of a solu-
tion of weak orthophosphoric acid and acetonitrile with a pH of 3.0
that was mixed at a ratio of 60:40 (v/v). Before determining how
much, the mobile phase was used to heat the column for 1 h to
40 °C. The UV monitor was set to 242 nm, and the flow rate was
1 mL/min. The following equations were used to figure out the
accurate drug loading and drug encapsulation efficiency:

Weight of drug in microspheres

Weight of microspheres 100

Drug loading (%) =

Drug content in microspheres

Initial drug content x 100

EE (%) =

2.4. Characterization of optimized formulation of DMC-MP (O-DMC-
MP)

2.4.1. Microsphere surface morphology

With tungsten thermionic emission, scanning electron micro-
scopy (SEM) (Tescan, Vega 35BH, Brno, Czech Republic) was used
to look at the surface shape of the best microsphere makeup
(Harsha et al., 2015b; Shah et al., 2019).

2.4.2. In vitro deposition by Andersen cascade impactor

The aerodynamic characteristics of dry powder inhalers that
have been ingested are frequently studied in vitro using the Ander-
sen cascade impactor. Seven capsules containing 50 mg of drug-
loaded microspheres each were used to measure the aerodynamic
diameter of the O-DMC-MP. A linked inhaler to the cascade impac-
tor was then filled with the capsules. Pellets containing medica-
tions were delivered to the impactor at a rate of 28.3 L/min for
10 s. The drug particles lodged on each stage of the cascade impac-
tor were examined using HPLC equipment. The fine particle
dosage, fine particle fraction (FPF), and released dose (FPD) were
also used to explain the O-DMC-MP deposition curve (Hagbani
et al,, 2022). The FPF and FPD figures indicate the percentage and
the dose of medication particles that made it to the pulmonary
alveoli, respectively. Better aerosolization performance can be
expected from an MDI with greater FPF and FPD values. Half of
the particles’ masses are bigger than this diameter, while the other
half are smaller; hence this is the Mass median aerodynamic diam-
eter (MMAD).

Fine particle dose = mass of fine particles on stages 2 through 7

Fine particle fraction (FPF) = l:iltrilaell;)aarrttlicclli (1;1)2‘535 x 100

Total particle mass on all stages

— - x 100
Initial particle mass

Emitted dose =
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Finally, an online MMAD calculator was used to calculate the
mass median aerodynamic diameter (MMAD) and geometric stan-
dard deviation.

2.4.3. In vitro studies on drug release of the optimized microspheres

DMC was released from O-DMC-MP at pH level 7.4 (phosphate
buffer) and has been studied to determine the drug release profile
(Schafroth et al., 2012). In short, 25 mg of O-DMC-MP was put into
500 mL of dissolution medium that was kept at 37 + 0.5 °C at
100 rpm. Samples of 1 mL were taken at regular intervals and
examined by HPLC (as mentioned in section 2.3.2) to determine
how much drug was in the solution. After each withdrawal, the
same amount of fresh dissolution medium was added to keep the
initial volume of the dissolution medium the same (D’Souza and
DeLuca, 2005).

2.4.4. Cytotoxicity

To determine if O-DMC-MP was harmful to HUVEC, H1299, and
A549 cells, the MTT test was utilized. A549 and H1299 cells were
placed onto clear, flat-bottomed 96-well plates at a density of
5,000 or 10,000 cells per well, respectively, and were then incu-
bated at 37 °C for 24 h until they were roughly 80% full. The cells
were placed in 200 pL of growth media with MP at seven different
concentrations after being rinsed with PBS at 37 °C (Nair et al.,
2021). We employed cells allowed to increase in growth medium
as a negative control. 5 pL of 5 mg/mL. MTT reagent was given to
the cells after they had been cultured with the various formulae
for the required 24 h. For formazan crystals to form, the cells were
treated for 3.5 h (HUVEC) or 3 h (H1299 and A549) at 37 °C. After
removing the medium, 150 pL of DMSO was added to each well to
dissolve the formazan crystals and disintegrate the cells. To
account for the background of the cells, the absorbance was mea-
sured at 540 nm and 650 nm using a Synergy MX plate reader (Bio-
Tek, Winooski, VT, USA). The equation was used to calculate cell
viability (Agnoletti et al., 2020).

~ Atreated cells @ 540nm - A treated cells @ 650nm
" A untreated cells @ 540nm - A untreated cells @ 650nm
x 100

Cell viability (% )

The absorbances at 540 nm of the wells holding the test sample
(A treated cells @540 nm) and the background absorbances at
650 nm (A untreated cells @650 nm) are given. To get IC50 values,
we use GraphPad Prism 8 to fit the data to a nonlinear regression
model with a varying slope. These values show how much the
treatment stopped 50% of the dehydrogenase in the cells.

2.4.5. Stability studies

Stability studies were performed to confirm the integrity and
stability of the optimize formulation. So that the stability process
would meet the standards set by ICH, it was made. The O-DMC-
MP was put into capsules, kept in glass vials, and put in a stability
room at different temperatures and levels of humidity: 4 °C/ambi-
ent RH, and 40 °C/75% RH. Over up to 3 months, PS, EE, and phys-
ical characteristics were evaluated at various intervals.

2.5. In vivo studies

Animals.

Male Swiss albino mice were six weeks old and weighing
between 20 and 25 g were obtained from the Biogen Laboratory
Animal Facility in Bengaluru, India. The animals were kept in an
ordinary place with a temperature of 25 °C and a humidity of
50%. They could get food and water from the lab for free. The Sri
Adichunchanagiri College of Pharmacy'’s Institutional Animal Ethi-
cal Committee reviewed the experiment plan and gave the clear-
ance. (No. SACCP/IAEC-04/2023).
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2.5.1. Hemocompatibility

The Evans et al.-inspired hemolysis process was used to test
how well the formulation interacts with the systemic circulation.
To get red blood cells (RBC), blood from the animal was put in a
K2-EDTA-coated Vacutainer and spun at 700 g for five minutes at
room temperature (Evans et al.,, 2013). The RBC were removed
from the plasma, centrifuged at 700g for five minutes at room tem-
perature, and then gently washed four times with 150 mM NacCl in
ultrapure water and four times with PBS. The RBC were diluted to
3% (w/v) in PBS, and 100 pL of 1 mg/mL. 2 mg/mL and 4 mg/mL
amounts of O-DMC-MP in PBS were added to 100 pL of this mix-
ture. TritonTM X-100 2% (v/v) and PBS were used as positive and
negative controls, respectively. The Eppendorf® tubes were kept
at 37 °C on a rotating shaker for one hour. Then, the RBC were sep-
arated by spinning the tubes at 700g at room temperature for five
minutes. The hemoglobin absorbance at 450 nm was measured
using a BioTek Synergy MX plate reader after the supernatant
was plated into a round-bottom 96-well plate (FalconTM, Corning,
NY, USA). The following formula determined the proportion of
hemolysis.

(Asample — Anegative control )
(A positive control — A negative control)

Hemolysis (%) = x 100

where A sample is the absorbance of the supernatant from the RBC
incubated with the different concentrations of the formulations, A
negative control is the absorbance of the supernatant from the
RBC incubated with PBS, and A positive control is the absorbance
of the supernatant from the RBC incubated with TritonTM X-100.

2.5.2. Pharmacokinetic and organ biodistribution study

For the pharmacokinetic study, random assignment put Swiss
white mice into two groups. The control group got free DMC, while
the treatment group got an optimized formula. Dry powder fumes
were breathed into the lungs with a device that help to breathe
through their nose (Harsha et al., 2015a; Luo et al., 2016;
Satyavert et al., 2021). Every animal got 10 mg/kg of DMC. At 0.5,
1.5, 3, 6,9, 12, 24, and 36 h, 200 pL of blood from each mouse
was taken and put into micro-tubes treated with heparin. The
tubes were spun at 5000 x g rpm to split the plasma for 20 min.
The DMC was then taken out by mixing 100 pL of the plasma sam-
ples with 100 pL of acetonitrile in a swirl for 30 s. The samples
were then put through a 0.22 m membrane filter, and an HPLC
device was used to measure how much drug was in each sample.
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The pharmacokinetic measures of DMC were calculated using the
PKSolver 2.0 software.

After taking blood samples at certain times, the mice were put
to sleep, and their lungs, liver, heart, kidneys, and spleens were cut
open to study biodistribution (Kaur et al., 2008; Sharma et al.,
2001). The organs were rinsed with cold phosphate buffer saltwa-
ter (pH 7.4), dried, weighed, and mixed for one minute at
10,000 x g rpm in an ice bath. 100 pLL of acetonitrile was combined
with 100 pL of each sample, and the mixture was shaken for 5 min
to get the DMC out. After 10 min of 10,000 g/rpm centrifuging, the
supernatants were divided, and the HPLC system was used to look
for DMC.

2.6. Statistical analysis

Mean and SD was calculated for each response. The single Stu-
dent’s t-test (SPSS software version 16; SPSS Inc., Chicago, IL, USA)
was used to determine statistical parameters. A p-value of less
than 0.05 showed a significant change.

3. Results and discussion
3.1. Optimization of preparation of DMC-MP

Design Expert 11 used a 3-factor, 3-level Box-Behnken design
(Version 11.0, Stat-Ease Inc.) to look at quadratic response surfaces.
Table 2 represents the results of 17 runs and how the different
traisl were planned. Three-dimensional plots are known for
demonstrating the effect of selected factors interaction of on the
chosen responses.

The quadratic model was selected for all solutions based on the
Type-I sequential sum of squares and the fit summary. We selected
the model based on the F-value, the p-value, and the R2 value. In
addition, the quadratic model has the lowest p-value (0.0001) of
any polynomial order (Table 3).

All the above ANOVA coefficients can be used to determine the
significant factors and their magnitude of impact. Contour plots
and 3D response surface graphs (RSG) are needed to describe the
main effects of selected factors and their interaction [Fig. 2]. PS
was found to be less when there was a decline in liquid paraffin
and glutaraldehyde concentrations. Increased concentrations of
both factors can shoot up the EE.

Using the desire function [D], different models that came out of
an experiment can be made as good as they can be (Naveen et al.,

Table 2
Observed responses in Box-Behnken design for developing and optimizing DMC-MP.
Factor 1 Factor 2 Factor 3 Response 1 Response 2
Std Run A:ALiquid paraffin B:Glutaraldehyde C:Span-80 PS EE
ml % g um %

1 17 10 10 0.5 4.5 355
9 3 20 10 0.25 6.5 415
11 9 20 10 0.75 7.2 48.2
2 8 30 10 0.5 7.6 49.2
5 7 10 25 0.25 7.9 51.2
7 11 10 25 0.75 7.9 74.58
13 5 20 25 0.5 8.4 75.1
14 6 20 25 0.5 8.3 73.5
17 10 20 25 0.5 8.1 76.8
16 13 20 25 0.5 7.9 79.8
15 16 20 25 0.5 8.3 76.2
6 2 30 25 0.25 9.8 82.25
8 4 30 25 0.75 115 86.21
3 15 10 40 0.5 129 71.25
12 1 20 40 0.75 13.5 92.75
10 14 20 40 0.25 14.2 89.25
4 12 30 40 0.5 13.2 95.87




B.R. Asha, P. Goudanavar, G.S.N. Koteswara Rao et al.

Saudi Pharmaceutical Journal 31 (2023) 101711

Table 3
Model statistical summary.
Response Models R? Adju.R? Pred.R? Adequate precision Sequential p-value (a7 Remarks
%)
EE Linear 0.8796 0.8519 0.7809 —_ <0.0001 Suggested
2 H 0.9028 0.8445 0.6373 —— 0.5247
Quadratic 0.9866 0.9695 0.8437 25.7961 0.0021 4.58
Cubic 0.9960 0.9841 — 0.1490 Aliased
PS Linear 0.8787 0.8507 0.7926 — <0.0001
2 Fl 0.9044 0.8471 0.7027 - 0.4757
Quadratic 0.9913 0.9801 0.8795 32.4773 0.0005 4.22 Suggested
Cubic 0.9987 0.9948 - 0.0396

The way the experiment was set up suggested that EE could be changed by the combined effect of all the essential factors, with B effects being the most critical [Table 4].
PS =82+ 1.1125 A+ 3.5B + 0.2125C —0.7 AB + 0.425 AC —0.35BC + 0.1375 A? + 1.2125B2 + 0.9375 C2.
EE = 76.28 + 10.125 A + 21.84B + 4.6925C + 2.73 AB —4.855 AC —0.8 BC —3.845 A2 —9.48 B? + 1.125 C2.

Table 4
ANOVA coefficients table.
Intercept A B C AB AC BC A? B? c?
PS 8.2 1.1125 3.5 0.2125 -0.7 0.425 -0.35 0.1375 1.2125 0.9375
p-values <0.0001 <0.0001 0.1685 0.0090 0.0665 0.1169 0.4944 0.0004 0.0017
EE 76.28 10.125 21.84 4.6925 2.73 —4.855 -0.8 —3.845 -9.48 1.125
p-values <0.0001 <0.0001 0.0045 0.1349 0.0198 0.6357 0.0446 0.0005 0.4981
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B: Glutaraldehyde (%)

A: Aliquid paraffin (ml)

A: Aliquid paraffin (ml)

(2)

B: Glutaraldehyde (%)

A: Aliquid paraffin (ml)

(b)

Fig. 2. Contour and 3-D response surface graphs for a) PS and b) EE.

2017; Salatin and Jelvehgari, 2021). A minimum PS and maximum
EE were set for each answer, among other boundaries, to make the
overlay graph. The design space had all of the things that were
picked. At the best densities of the independent variables, all the
answers combined desirability plots had the highest D value of
0.897, and the most critical answers were stacked on top of each
other in the contour plot [Fig. 3-a].

Based on this method, a formulation that meets the conditions of
the ideal formulation can be made with 19.61 mL of liquid paraffin,
24.26% of glutaraldehyde, and 0.58 gm of span-80. So, the PS is
expected tobe 8.16 um, and the EE can be 76.55%. The optimized for-
mulation of O-DMC-MP was made and tested using these predicted
ideal ratios to see if it was better. To back up how the experience was
set up, the experiment’s results were compared to the numbers from
the theory. It was found that the results were having the difference
of less than 3%. The particle size distribution of 0-DMC-MP has been
portrayed in Fig. 3-b. The particle size of 0-DMC-MP met the results
of the desirability test, and the zeta potential was found to be

—38.5 mV, which shows that the composition is stable. A UV-Vis
spectrophotometer was used to figure out the EE and DL readings
after the drug molecules were dissolved in methanol in a certain
way. DMC'’s EE was found to be 76.55%, and her DL to be 65.84%.
Obviously, the MP that was made can be used to make novel systems
that can reach to lungs and have a high EE and good DL.

3.2. SEM

The SEM pictures (Fig. 4) showed that many microspheres were
the same size, had smooth surfaces, and didn’t stick together.

3.3. Dispersion

Most of the time, particles with an aerodynamic width of 1 to
10 pm can quickly settle in the deep part of the lungs (Evans
et al., 2013). Table 5 shows the dispersion parameters of optimized
formulation.
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Fig. 3. A) overlay plot and b) ps distribution of optimized formulation.

3.4. Drug release

Fig. 5 shows the release of DMC from DMC suspension and opti-
mized formulation concerning different intervals of time.

3.5. Cytotoxic study

Fig. 6A-C shows that for HUVEC, A549, and H1299, the IC50 val-
ues for MP that weren’t loaded were 1.2 mg/mL, 4.8 mg/mL, and

1.8 mg/mL, respectively. This is in line with what other studies
have found.

3.6. Stability studies

The stability of the optimized formulation during storage is a
critical factor that affects the physicochemical properties of pow-
der MP that are meant to be inhaled, such as their look, particle
size, how well they trap drugs, and how much drug they can hold.
Table 6 lists all of the things that happen when O-DMC-MP is
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Fig. 4. SEM image of O-DMC-MP.

Table 5 stored. Whether the temperature was slowed down or sped up,
Aerodynamic parameters of O-DMC-MP, none of the factors changed much over the three-month storage
time (p greater than 0.05). These results show that the planned for-

P -DMC-MP . . . . .
arameters 0-bMC mulations are stable over time and in different storage situations.

MMAD (pm) 8.46 + 1.45

Geometric standard deviation 1.89 + 1.09

Recovered dose (pg) 90.45 + 1.89 .

Emitted dose (pg) 81.48 £ 2.15 3.7. Hemolytic study

Fine particle dose (pg) 65.06 + 2.08 . . .

Fine particle fraction (%) (FPF)  77.69 + 1.26 Fig. 7 demonstrates that neither the formulation (6 mg/mL) nor

the free DMC (0.6 mg/mL) generated more than 0.6% hemolysis at
-8~ DMC Suspension - O-DMC-MP

100+

%CDR

50-

O v D g: S D \.-19 ‘1?9 @Q o§°°
Time (min)

Fig. 5. In vitro drug release profile of Pure DMC suspension and O-DMC-MP.
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Fig. 6. Cell viability studies on A) HUVEC, B) A549 and C) H1299 cell lines.

concentrations three times the dose provided in vivo for the
components.

3.8. Pharmacokinetic, biodistribution and targeting efficiency

After giving plain drugs or drug-loaded microspheres through
the lungs, the pharmacokinetics of DMC in living things were
looked at. Fig. 8-A & B shows how the amount of DMC in the blood
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and lungs changes over time after breathing in plain DMC or O-
DMC-MP.

3.9. Biodistribution study

Fig. 9 shows that both plain DMC and O-DMC-MP quickly and
preferentially accumulated in the lung after pulmonary adminis-
tration, with 79.14 + 1.24% and 87.25 + 5.89% of the breathed dose
in the lung within 30 min.

4. Discussion

The standard plot of residuals showed that all of the models
that were chosen were significant. In this case, the graph that
can be seen will be enough, so the suggested statistical program
won't be needed. The proposed model can be accepted statistically
because all studentized residuals for the chosen responses were
more evenly spread along a straight line (Mallamma et al., 2014;
Raghavendra Naveen et al., 2023). The experimental run and resid-
uals are compared in Fig. 1 to identify the confounding variables. A
random trend was seen within the allowable range, indicating the
presence of a time-coupled variable.

For EE, there is less than a 0.2 difference between the Predicted
R2 of 0.9695 and the Adjusted R2 of 0.8437. By Adeq Precision, the
signal-to-noise ratio is measured. The ideal ratio is more significant
than four. A strong signal is indicated by the ratio of 25.7961. Nav-
igation in the design area is made more accessible by this method.
The PS [0.9801, 0.8795, and 32.4773] results were similar (Rizg
et al., 2022; Rowley et al., 1999). The coefficient of variation (CV)
value demonstrates that the repeatability of the experiments
reflects the clarity of the technique while also guaranteeing the
correctness of the results. Consistency and correctness of the
design were guaranteed because the desired CV value was less
than the mandated (CV10 percent) (4.58% for EE and 4.22% for
PS). Lack of Fit is another parameter that assesses how well the
model fits the data. The ANOVA findings show that the Lack of
Fit is non-significant (p > 0.05), indicating that the selected design
is appropriate. The quantitative effects of particular variables on
responses were investigated using an ANOVA. To create polyno-
mial equations, multiple regression was applied to the data that
had been gathered. All models were statistically significant, as
shown by the model F-values of 88.57 and 52.24 (Hooda et al.,
2012; Popoola, 2019). The model terms A, B, AB, and all quadratic
terms are significant for PS. How the experiment was set up sug-
gested that i could change PS) the effect of factors A, B working
against factor AB, and ii) the impact of all the other essential fac-
tors working together, with B having the most substantial effect
of all the terms.

Enhanced imaging was used to determine the best formula-
tion’s shape or morphology utilizing a method like SEM. The SEM
pictures (Fig. 4) showed that many microspheres were the same
size, had smooth surfaces, and didn’t stick together. This is because
the right excipients were used. Overall, the data on particle size
definition is suitable for passive targeting of the lungs and is
related to the size distribution of particles.

Table 6
Stability studies of O-DMC-MP.
Parameter Initial 4+1°C 4+1°C 40+2°C& 40+2°C&
(1 Month) (3 Months) 75 + 5% RH 75 + 5% RH
(1 Month) (3 Months)
PS (um) 8.26 8.31 8.35 8.78 8.96
EE (%) 76.55 76.04 75.43 75.13 75.46
Physical characteristics Complies Complies Complies Complies Complies
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Fig. 7. Hemolysis study.

The MMAD of the optimization mix was found to be 8.46 + 1.
45 pm. Also, there were a lot of finer particles in the final formula-
tion. These results show that making MP with O-DMC-MP is better.
Also, most of the DMC-loaded microspheres were kept in the cas-
cade impactor at stages 5 and 6, which had smaller aerodynamic
cut-off sizes because their MMAD was smaller and their FPF was
higher. All of these studies show that the planned formulation goes
deep into the lungs.

More than 75% of the regular DMC was released in less than
45 min, as shown in Fig. 5. Only 24% of the drug was released from
the microsphere version after 45 min, much less than the plain
drug solution. As an additional note, drug-loaded O-DMC-MP
microspheres exhibited a two-phase release pattern, with a rapid
burst release (79%) in the first two hours and a continuous release
for up to 16 h. DMC-filled microspheres may experience an initial
burst of drug release as drug molecules released from the micro-
spheres outer layers. The sluggish distribution of pharmaceuticals
from the microspheres core, the gradual erosion/degradation of
the polymeric matrix, or some combination of the two may be
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Fig. 9. Biodistribution study of plain DMC and O-DMC-MP.

responsible for the comparatively slow release of drugs from the
microspheres. Note that the way DMC was released from micro-
spheres in test tubes didn’t change much at any of the other tested
pH levels [data not shown].

To find out the toxicity of O-DMC-MP to cells, endothelial
(HUVEC), alveolar lung epithelial (A549), and human lung epithe-
lial (H1299) cell lines were used. The MP with DMC was just as
bad for all three cell lines, with IC50 values of 1.8-2.1 mg/mL for
HUVEC, 4.0-5.5 mg/mL for A549, and 1.4-2.4 mg/mL for H1299.
The cytotoxicity of O-DMC-MP was not depend on the amount of
DMC released in initial timings, since the same amounts of free
DMC did not cause cytotoxicity (Fornaguera et al., 2015; Gaspar
et al, 2019). These results show that adding chitosan and glu-
taraldehyde to the DMC doesn’t change the cytotoxicity much,
which is similar to what Gaspar et al. found when they tested lung
Calu-3 cells.

Even when a drug is given through the lungs, it is essential to
assure its fate in systemic circulation. At the concentrations tested
(1-6 mg/ml), plain MP, O-DMC-MP, and free DMC did not kill ery-
throcytes. The results show that DMC-MP is safe to in treating
ARDS. Studies done in the past show that chitosan nanoparticles
up to 3 mg/mL did not cause hemolysis. But as far as the writers
know, there have been no reports of higher concentrations.

Fig. 8 A shows that compared to O-DMC-MP, the blood concen-
tration of plain DMC rose quickly after inhaling the drug and hit a
much higher peak soon after. The quick absorption of drugs by the
lungs’ alveoli, which have many blood vessels, could be to the pos-

B
-+ Plain DMC
4 = O-DMC-MP
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14

5 6 9 O q’b‘ o
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Fig. 8. Pharmacokinetic profile of plain DMC and O-DMC-MP in a) plasma and b) lung following pulmonary inhalation.
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sible reason for the relatively higher plasma drug levels for plain
medicines after pulmonary administration (Powers, 2022). On
the other hand, the smaller amount of DMC in the blood after
inhaling drug-loaded microspheres may be because the drug is
released more slowly from the microspheres. This would make it
take longer for the drug to be absorbed. Fig. 8B shows the lung con-
centration of DMC over time after it was taken in as either plain
DMC or O-DMC-MP. As soon as both plain DMC and O-DMC-MP
were given, it was clear that the lungs had more of the drug.

Most importantly, O-DMC-MP showed that it could keep drug
concentrations high and DMC in the lungs for up to 24 h after
microspheres were breathed. On the other hand, there was a big
drop in the amount of plain DMC in the lungs right after living
the drug. The quick movement of plain DMC from the pleural cav-
ity to the systemic circulation could be to blame for the drop in free
drug concentration in the lungs (Patton et al., 2004). This is shown
by simultaneously raising the drug amount in the plasma.

The success of focused drug therapy rests on how well the drug
is distributed in the body and gets to where it works. So, after plain
DMC and O-DMC-MP were given through the lungs, their spread
through the body was tracked. With plain DMC, on the other hand,
the amount of drug in the lungs slowly decreased over time. After
30 min, the amount of plain DMC in the body dropped from
79.141.24% to 41.256.24%. Blood, liver, kidneys, and spleen have
all been found to have about 12% of DMC.

On the other hand, O-DMC-MP desposited DMC in lung tissue
for longer and in higher amounts. Even after 12 h, 77.85% of the
amount that was inhaled through microspheres was still in the
lung tissue. More than 80% of the drug was found in the lungs in
the first few hours, which is what was expected based on how
the drug works. Also, when nanoparticles were inhaled, the
amount of DMC that built up in the spleen, liver, and kidneys
was much lower than when plain DMC was inhaled. This showed
that pulmonary microsphere delivery cut down on the amount of
drug that went to organs other than the lungs. These studies show
that microspheres are an excellent way to keep a drug’s (DMC)
pharmacological activity inside them. This is probably done by
making it harder for the drug to leave the lungs through the alveoli
and by making it stay in the body longer. This, in turn, would make
it possible for the right amount of drug to be released at the spot of
action.

5. Conclusion

This project aimed to make dry powder MP of dexamethasone
(DMC) that contained chitosan and could be taken in. By emulsion
crosslinking, DMC-MP was prepared. The box-Behnken design was
used to find the suitable PS and EE for the best microspheres to tar-
get alveolar macrophages through non-invasive pulmonary trans-
port. Based on the desirability approach, a formulation
containing 19.61 mL of liquid paraffin, 24.26% of glutaraldehyde,
and 0.58 gm of span-80 can meet the prerequisites of the formula-
tion. Also, the optimized formulation had an ideal average aerody-
namic diameter and a fine particle fraction, which showed they
were suitable for aerosolization. Also, as evident from the biodistri-
bution study, DMC-loaded MP kept a relatively high drug dose in
the lungs for a longer time and helped the drug stay there longer.
Inhaling DMC-loaded microspheres could be an excellent way to
treat acute respiratory distress syndrome because it makes DMC
more effective as a drug while reducing its side effects in effec-
tively treating ARDS.
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