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Introduction: The aim of the work was to formulate salbutamol sulfate (SB) microspheres
by using superhydrophobic surface (SHS) under different processing factors for improving
its encapsulation efficiency, controling its release rate, and hence enhancing its
bioavailability.

Methods: Cross-linked microspheres of chitosan (CN) and carrageenan (KN) were made on
a SHS under a glutaraldehyde-saturated atmosphere. The formulations were designed and
optimized based on 4 factorial design. Percentage encapsulation efficiency (%EE), particle
size, swelling ratio, and in vitro release rate were characterized, and the in vivo performance
of optimized formula was investigated in beagle dogs.

Results: The results showed that the prepared microspheres have a high %EE (97.11
+0.78%) for F13. The swelling ratio was 4.2 at the end of the 8 hours for the optimized
formula, and the in vitro release rate was controlled for 12 hours. In vivo study verified that
there was a 1.61-fold enhancement in SB bioavailability from optimized formula (F13)
compared to market tablet.

Conclusion: The study suggested that microspheres prepared from CN/KN crosslinking on
an SHS using glutaraldehyde atmosphere is a promising technique that can encapsulate and
sustain the release of water-soluble drugs such as SB in addition to improving its in vivo
pharmacokinetic profile.

Keywords: cross-linked complex, water-soluble drugs, salbutamol sulfate, sustain release,
bioavailability, microspheres, superhydrophobic

Introduction
Recent studies in dosage form formulation and design are focused on developing
delivery systems able to enhance therapeutic benefits while minimizing drug side
effects.’* Multi-particulate systems are able to control the release from oral for-
mulations with a lower risk of dose dumping and a higher ability to achieve
different release patterns compared with single-unit systems.> > Many challenges
face the multi-particulate systems in the industry, including the low encapsulation
efficiency, the use of organic or toxic solvents, the need for high temperature, in
addition to many difficulties in removing the solvents.®®

A lot of work has been done to encapsulate hydrophilic drugs with minimum drug
loss.® Rapid diffusion from the systems to the external solvent phase was the main
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challenge in formulating such drugs.”'® To overcome this
challenge, many trials were done based on changing the
external phase media, changing the media pH, altering the
media viscosity, and the addition of high concentrations of
electrolyte to minimize the drug escape to the outer
media.''"* Using glutaraldehyde-saturated atmosphere for
hardening the multi-particulate systems was introduced as
an alternative to an external liquid phase to reduce the drug
loss to the outer liquid media.”'* Ultra-hydrophobic sur-
faces with low surface free energy and high water repel-
lency were introduced in many life applications due to their
ease of preparation and cleaning in addition to their non-
polluting properties.”'> Many drugs have been successfully
encapsulated using ultra-hydrophobic surfaces, for example,
S-fluorouracil has been encapsulated into pectin/chitosan
polystyrene
surfaces.'® Theophylline also has been encapsulated with

microspheres  using superhydrophobic
high %EE in alginate beads on a treated polystyrene super-
hydrophobic surface.'” In addition, dextran- methacrylated
beads were formulated on hydrophobic surfaces to encap-
sulate bioactive substances.'® Although ultra-hydrophobic
rough surfaces were used in the encapsulation of many
hydrophilic drugs, and results revealed an accepted encap-
sulation efficiency, more studies are still needed to achieve
the optimal formulation conditions.” Hydrogels have been
widely used in the preparation of sustained-release systems
due to their non-toxic properties, biodegradability, and
biocompatibility.'® One of the most widely used hydrogels
in the pharmaceutical industry is chitosan (CN).*° CN
(Figure 1A) is an N-deacetylate derivative of chitin poly-
saccharide, which can adsorb water and swell, therefore
controlling the diffusion of drugs.”' Also, CN has a gentle
behavior, and hence it helps to decrease the irritant effect of
drugs on the stomach.”> CN was used with anionic poly-
mers such as carbopol, eudragit, carrageenan, and sodium
alginate in the preparation of polyelectrolyte complex
(PEC) multiparticulate systems (eg, beads and micro-
spheres) that could enhance the controlled properties of
CN.>

Carrageenan (Figure 1B, KN) is an anionic polymer
extracted from marine red algae. It is composed of linear
heteropolysaccharides with ester-sulfate groups.** The main
chain consists of alternative units of (1, 4-a and 1, 3-B-
D-galactopyranose and 3,6-anhydrous-D-galactopyranose).**
KN has acknowledged viscosity and gelling properties that
make it a good candidate in many sustained-release
systems.”> PEC of CN/KN loaded with theophylline showed

zero-order release kinetics as reported by Tomida et al.'”
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Figure 2 Chemical structure of salbutamol sulfate (SB).

Salbutamol sulfate (SB, Figure 2) was selected as
a model of a water-soluble drug.”® It is one of the sym-
pathomimetic drugs that is used as a bronchodilator to
treat asthma, bronchitis, and emphysema.?® Plasma half-
life of SB is 2 to 4 hours, so it should be given three to
four times per day, which increases dose-related side
effects and reduces patient compliance.?” Short biological
half-life and small oral dose (4 mg) of SB make it a good

candidate for sustained-release formulations.>”*
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The following study aimed to control the release of SB
and hence improve its pharmacokinetic profile via using
superhydrophobic substrates. The superhydrophobic sur-
face was fabricated from carnauba wax. Microspheres
were formulated by complexing CN and KN polymer,
and glutaraldehyde atmosphere was used for hardening
of formed microspheres. Different processing parameters
based on 4° full factorial design, namely SB-to-chitosan
ratio, diameter of dropping needle, dropping distance, and
duration of crosslinking, were studied. Finally, an in vivo
study in beagle dogs was performed for the optimized
formula. The pharmacokinetic (PK) results were then com-
pared with market tablets.

Materials and Methods

Materials

Salbutamol sulfate (SB) was a kind gift from Alexandria
Company for Pharmaceuticals and Chemical Industries
(AXPH, Egypt). Hydrophobic Carnauba Spray Wax®
spray 53,139 (Liverpool, UK), chitosan (CN) high mole-
cular weight (310-375 kDa) was purchased from Sigma-
Aldrich Inc. Al (St. Louis, MO, USA). Carrageenan
(Kappa) (KN) was purchased from Special Ingredients
(Chesterfield, UK). Glutaraldehyde solution (50% v/v),
glacial acetic acid, talc, and magnesium stearate were
purchased from El-Nasr pharmaceutical and chemicals
company (Cairo, Egypt). All other reagents and solvents
used were of analytical grade and used as received. Glass
slides (50 mm % 50 mm X 3 mm) were used for the
preparation of superhydrophobic surface.

Preparation and Evaluation of

Superhydrophobic Surface

Superhydrophobic surface (SHS) was prepared by spray-
ing Carnauba Wax® on clean, dry glass slides. Briefly,
three thin layers of the hydrophobic base were sprayed
with 30-minute breaks between each spray. After com-
plete drying of the last layer, other three-coat layers were
sprayed with 5-minute intervals to increase the strength
and roughness of the hydrophobic surface, and then the
glass slides were left to dry in a fuming hood for 1 hour
at 25°C before use.”’ The SHS was examined for its
roughness by scanning electron microscopy and static
contact angles test (CA). CA was performed by dropping
10 pL of water, CN, SB/CN dispersion (1:1), and SB/
CN/KN dispersion (1:1:1) above an untreated surface
and the treated hydrophobic glass surface to compare

the results, and the contact angle was measured using
contact angle meter Drop Shape Analyzer — DSA100
with  ADVANCE (KRUSS GmbH Co.,
Hamburg, Germany). In addition, sliding angles (SA)

software

for each of the above-mentioned liquids were identified
by slowly tilting the hydrophobic glass slide until the
studied liquid droplet begins to move. The mean values
of three measurements were recorded.” Cassie and
Baxter’s equation was used to calculate the fraction of
the air in contact with the liquid droplet as follows:'’

cosfx = —1 + f(cos@+1) )

Where () + and () are the CA of the liquid droplet on the
treated surface and untreated surface, respectively; f expresses
the fraction of solid surface in contact with the liquid droplet,
and hence (1-f) states the fraction of the trapped air beneath the
liquid droplet.

Preparation of SB-Loaded CN/KN

Microspheres

The study was designed based on 4* full factorial design. The
process estimated the impact of drug-to-polymer ratio, drop-
per tip inner size, dropping distance, and duration of cross-
linking on the characteristics of the prepared microspheres
(Table 1), whereas the encapsulation efficiency and the rate
of drug release from the microspheres were taken as an
index. Briefly, 3.5 g of KN were dispersed in a 100 mL acetic
acid solution (1% v/v), and weighted amounts of SB and CN
according to the design displayed in Table 1 were added to
KN solution and stirred using a magnetic stirrer at 1000 rpm
until complete homogenization of the mixture. Droplets from
each mixture according to the formulations scheme were
dropped through a syringe on the pre-prepared SHS. The
SHS slides were then quietly placed on the top of the meshes
inside a desiccator prefilled with 300 mL of glutaraldehyde
solution (50%, v/v in water) at its bottom without any contact
with glass slides; the desiccator was kept closed for the
specified duration, then excess glutaraldehyde was with-
drawn under vacuum.>® Microspheres were then kept for 24
hours in a desiccator until complete solidification.

Examination of Morphology of the
Microspheres and Determination of

Particle Size Distribution

Morphology of the optimized formula of microspheres
was examined using scanning electron microscopy techni-
que (SEM) (Metler Toledo, Tokyo, Japan); samples were
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Table | Formulation Number, SB: CN Ratio, Dropper Tip Size, Dropping Distance, Duration of Crosslinking, % EE and Particle Size of

SB Microspheres Formulations

Formula SB: CN Tip Sizes Dropping Distance Duration of Crosslinking %EE Particle Size
# Ratio (um) (cm) (min) (um)

Fl H 10 5 30 76.62+3.12 | 11.10+1.24
F2 10 10 30 78.03+2.51 | 10.91+0.92
F3 10 5 60 77.78+3.10 | 10.88+1.03
F4 10 10 60 76.82+2.26 | 11.25+0.85
F5 20 5 30 80.90+£0.97 | 20.12+0.82
Fé 20 10 30 79.33+1.22 | 21.85+1.35
F7 20 5 60 78.82+2.46 | 20.45+0.87
F8 20 10 60 79.02+2.44 | 21.63%1.47
F9 12 10 5 30 90.82+2.04 | 10.01%1.25
FI0 10 10 30 89.12£1.09 | 11.12+0.57
FIl 10 5 60 91.67£2.46 | 10.13£1.88
Fl2 10 10 60 90.52+2.58 | 11.15£0.51
FI3 20 5 30 97.11£0.78 | 23.21£1.4I
Fl4 20 10 30 96.08+1.25 | 22.71£1.42
FI5 20 5 60 95.06+2.11 | 22.9+1.58
Flé 20 10 60 96.12+1.06 | 23.05+1.87

vacuum-coated uniformly with gold. Dried microspheres
were suspended in 250 mL of deionized water, and its
particle size was identified by a particle size analyzer
(Mastersizer 3000; Malvern Co., UK). The particle size
was measured in triplicate and expressed as mean+SD.

Encapsulation Efficiency Percentage (%EE)
Weighted amounts of dried microspheres were crushed
and mounted in 100 mL deionized water and stirred for
12 hours for complete extraction of SB. The percentage
of encapsulated SB was determined by HPLC method
that was published by Selvadurai after validation of the
method for selectivity, sensitivity, accuracy, and stabi-
lity. Briefly, reversed-phase C;g column (250 % 4.6 mm,
5 p) was used for separation of SB, using a mixture of
acetonitrile and ammonium acetate (80:20% v/v) as
a mobile phase at a flow rate of 1.0 mL/min with UV
detection at 276 nm. Terbutaline was used as an internal
standard (IS), and the analysis was conducted under
room temperature conditions. The encapsulation effi-
ciency percentage was calculated based on the amount

of SB in microspheres and the actual amount of SB used

in the preparation.””’

Fourier Transform Infrared Spectroscopic
(FTIR) Analysis

FTIR studies were conducted to verify the possible inter-
action between SB, CN, and KN in microspheres. Samples
were pulverized, blended with potassium bromide powder
and pressed into pellets, and examined using FTIR spec-
trophotometer (Shimadzu 1800, Japan).

Differential Scanning Calorimetry

Thermal behavior of SB in the optimized formula was
studied using differential scanning calorimetry (DSC)
(Mettler Toledo, Switzerland): 5 mg samples were heated
in aluminum pans at 50-400°C at a scanning rate of 10°C/
min under 50 mL/min nitrogen flow.

Swelling Study
Five grams of selected formulations of SB microspheres
were soaked in 200 mL of 0.1N HCI buffer at 37+0.5°C

https:
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for 2 hours followed by phosphate buffer (pH 6.8) for
another 6 hours. Soaked samples were then removed by
stainless steel mesh at specified time intervals, placed on
filter paper to remove excess water, and weighed to calcu-
late the swelling index. Swelling ratio was measured from
the following equation.?

Swelling ratio = (weight of swollen microspheres
at each time interval — initial weight of

microspheres) /initial weight of microspheres
)

The experiment was done in triplicate, and the results were
expressed as mean+SD.

Compression of SB Microspheres into
Compact Tablets

Weighted amounts of each microsphere formula equivalent
to 4 mg SB were passed through a 125 pum sieve, mixed
with 1% talc and 1.5% magnesium stearate, and com-
pressed into compact tablets using a single punch tablet
press machine fitted with a 6 mm diameter concave punch.

Characterization of Pre and Post
Compression Limits of SB Compact
Tablets (SBT)

Pre-compression tests (angle of repose, compressibility
index, and Hausner’s ratio) were done for each mixture.
Compressed tablets were also evaluated for weight varia-
tion, thickness, diameter, friability, and drug content

uniformity.*>*

In vitro Release Studies

The release of SB from the SBTs was assayed in
a dissolution tester USP apparatus type II at 37°C with
a 50-rpm rotation speed. One tablet from each formula was
suspended separately in 500 mL 0.IN HCI (pH 1.2) for
two hours to simulate gastric conditions, then removed and
transferred to another dissolution flask filled with 500 mL
phosphate buffer pH 6.8 to simulate intestinal pH up to 24
hours.** At each time interval, 5 mL samples were with-
drawn and replaced with pre-warmed media. SB concen-
tration in each sample was determined using a UV
spectrophotometer at 276 nm. The degree of similarity in
the release rate between selected batches was studied by
the mean of the similarity factor (f;) method; f, was
calculated as follow:

n

-0.5
f,= 50 x log{ [1 +%Z(Rt — Tt)Z} * 100} 3)
=1

Where R, and T, are the cumulative release of the com-
pared two formulations at time t; n is the number of
sampling. The value of f, ranges between 0 and 100. The
higher the f,, the higher the similarity between the two
curves. If f, for two curves is >50, the two release curves
were considered similar.*® Salbovent® (4 mg) tablet was
used as a reference tablet for the in vitro release studies.

Modeling of the Kinetics of Release

The kinetics of release was studied by fitting the profiles to
each of zero-order, first-order, Higuchi, and Peppas mod-
els. The model with the highest coefficient of determina-
tion (R*) was considered the best fitting one.>®

Statistical Analysis

Software SPSS 17.0 (SPSS Inc., Chicago, IL, USA) was
used to analyze the results, applying one-way analysis of
variance (ANOVA) and paired Student’s ¢-test. Differences
were considered to be significant at p>0.05.

In vivo Study in Beagle Dogs

Animal ethics committee/Al-Qassim University approved
the study (no. PI/1125). The pharmacokinetic study was
conducted according to the ethics of animal care reported
by The European Centre for the Validation of Alternative
Methods guidelines for investigations in laboratory ani-
mals. Six male beagle dogs weighing 10.5-12 kg were
used and divided randomly into two groups. The study
was conducted in a crossover design in two phases with
a one-week washout period to eradicate the influence of
the previous dose. No food was allowed overnight prior to
the experiment; then food was served two hours after
dosing. Water was available ad libitum throughout the
study period. During the first phase, dogs received orally
the whole tablet of the selected formulation (F13) based on
the %EE and the in vitro release test, and after the washout
period dogs received a whole tablet from the reference
product. Blood samples (5 mL) were withdrawn and
injected into a heparinized collection tube by means of
a detaining needle at each of the following intervals: pre-
dose, 0.5, 1,2, 3,4, 6,8, 12, 18, and 24 h post-dose. The
plasma separation was obtained by sample centrifugation
at 4000 rpm for 10 min, and samples were stored at —20°C
until further analysis.*” The concentration of SB in plasma
was assayed using HPLC.*®
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Chromatographic Analysis of Plasma Samples

SB concentrations in plasma samples were determined by
a reported HPLC method. The method determines the
concentration of SB using terbutaline (TB) as an internal
standard. The HPLC analysis was carried out using Waters
Acquity HPLC™ (Waters Corp., Milford, MA, USA).
Compound separation was conducted on a Waters® Cig
column (250 mm, 4.6 mm i.d., 5 m particle size) using an
isocratic mobile phase composed of a mixture of acetoni-
trile and ammonium acetate (80:20) (v/v), with a flow rate
of 1 mL/min. The pH was pre-adjusted at 7 using an
orthophosphoric acid solution. The injection volume was
adjusted at 20.0 pL. The UV-visible detector was set at
276 nm. Preceding the analysis, the mobile phase was
filtered using 0.45 um filters [44]. The system was equili-
brated with the mobile phase before injection. All deter-
minations were made at room temperature. All data were
analyzed via Lynx TMV 4.1 software (Waters Corp.).
Briefly before the beginning of the study, the method
was validated for selectivity, precision, accuracy, linearity,
and stability.

Calculation of Pharmacokinetic Parameters of SB in
Plasma Samples

A plasma concentration versus time profile was used to
assess SB pharmacokinetic parameters. Plasma concentra-
tions of SB are shown as the mean+SD. The peak of
plasma concentration (Cpax) and the time required to
reach the maximum concentration (t.c) were represented
as directly measured. The terminal elimination rate con-
stant (K.) was calculated by linear regression analysis
method of the final portion of the log plasma concentration
time curve of SB. Linear trapezoidal rules were used to
calculate the extent of SB absorption (AUCO-t). The bioa-
vailability of the selected formula relative to the reference
commercial product was calculated using the following
formula:*®

F = AUC\est/ AUCer X 100 “4)

IBM SPSS Statistics 20 (Armonk, USA) with one-way
ANOVA and post hoc test, using p-value> 0.05, was used
for all statistical evaluation of data. Mann—Whitney’s
(nonparametric signed rank) test was used to compare
tmax Detween the data obtained from the tested groups.

Results
In the presented study, SB was encapsulated and its release
was controlled through the formulation of CN/KN

polyelectrolyte complex using a SHS. CN is a cationic,
natural, high charge density biodegradable polysaccharide.
It forms polyelectrolyte complexes by interactions with
counter ions such as KN, sulfates, polyphosphates.***!
The designed microspheres showed modified gel charac-
teristics with a higher ability to control the release of
entrapped drug.®® Glutaraldehyde-saturated atmosphere
was used for solidifying SB-CN microspheres, which
excludes the need to remove excess crosslinking solution
after the solidification of microspheres.'* Sixteen formulas
were designed based on different process parameters,
namely: drug—polymer ratio, dropping tip inner diameter,
dropping distance, and duration of crosslinking.
Subsequently, the optimized formula based on percentage
EE and rate of drug release was evaluated for in vivo

parameters in comparison to the reference product.

SEM Images of Superhydrophobic Surface
After spraying of all layers of Hydrophobic Carnauba
Spray Wax® and complete drying of the surface, SEM
images of the superhydrophobic surface were captured
(Figure 3): the glass surface showed a rough, amphipho-
bic, amalgamated, hierarchical texture with protrusions,
with a low sliding angle and minimal wettability which
has a high ability to entrap air. Table 2 shows a significant
increase in CA of water droplets on the surface of the
treated glass compared with the untreated one. CA of
water on SHS was 153.32°+2.07°, indicating a good
entrapment of air and minimal wettability of the surface.
The SHS offered good CA and SA characteristics for
CN, SB-CN, and SB-CN/KN hydrogel dispersions, as
specified by the measured CA (Table 2, Figure 4).
A slight reduction in the CA (150.24°+0.95°) and increase
in the SA (10.08°+2.01°) were observed with SB-CH
hydrogel when compared to water, which could be inter-
preted as based on the viscous and sticky characteristics of
CN. An increment of CA (152.13°4+2.04°) with a reduction
of SA (9.52°+1.58°) was reported with SB-CN/KN com-
pared with SB-CN, which could be due to a decrease in the
sticky characteristics of CN by complexing with KN.

SEM Images and Particle Size

Determination

SEM image of F13 (Figure 5) showed a microsphere with
a rough folded surface with an average size of 23.21
+2.41pum. Folds act as another barrier to the drug diffusion
to the external phase, verifying more control of SB release
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Figure 3 SEM images of the prepared superhydrophobic surface (the magnification power 25,000%, 100,000x)ss.

to external media. The average particle sizes were con-
trolled mainly by dropper tip size and CN content. Smaller
particle sizes ranging between 10.01£1.25 and 11.25+0.85
were observed for particles dropped from a smaller drop-
ping tip, with a statistically significant (p>0.05) increase in
size with a larger one. A proportional relationship was
observed between the average sizes of microspheres rela-
tive to CN content, and an increase in the size may be
interpreted on the basis of increasing the density of the
dropped dispersion, which results in larger spheres.**

Encapsulation Efficiency (%EE) of SB in

Microspheres

The study aimed to enhance the encapsulation of SB (a
highly water-soluble drug) with minimal drug loss to the
external media. Many studies have been done to encapsu-
late SB in controlled release encapsulated systems; their
results revealed low encapsulation efficiency due to rapid
loss of drug in the treatment solution.® Hence our study is
based on encapsulation of SB in a glutaraldehyde atmo-
sphere without any external solution. Our results showed
the ability of the followed technique to enhance SB encap-
sulation, which ranged between 76.82+2.26% and 97.11

+0.78% for F1 and F13, respectively (Table 1). Statistical
analysis of the %EE data at p<0.05 showed that SB-to-CN
ratio and dropping tip size have significant (p<0.05) effect
on the encapsulation of SB, whereas dropping distance and
duration of crosslinking showed little non-significant
effect (p>0.05); similar results were reported by Liu et al.*
The ratio of 1:2 of SB and CN showed significantly higher
%EE (p<0.05) than a 1:1 ratio (Figure 6). The lower
entrapment efficiency might be attributed to the inability
of a lower polymer concentration to entrap the drug effi-
ciently and a potential for drug escaping from the micro-
spheres before complete crosslinking,'> while the higher
concentration of CN showed a better ability to encapsulate
the drug and obstruct the diffusion of the drug to the outer
superhydrophobic surface. In addition, the higher CN con-
centration provides surfaces with lower pores and higher
numbers of functional groups available to crosslinking that
minimize drug escape to the outer surface, therefore ensur-
ing microspheres with high %EE up to 97.11%.'”** The
larger tip size showed higher %EE of SB in microspheres,
which might be accredited to the increase in droplet size
and increase in the CN content in each drop, which
enhances the entrapment of the drug.*

Table 2 Static Contact Angles (CA), Sliding Angles (SA), and Percentage-Trapped Air for the Tested Dispersions on SHS Treated Glass

Surfaces Compared to Their CA on Untreated Glass Surfaces

Glass Surface Superhydrophobic Surface
CA () CA (°) SA (°) f 1-f % Trapped Air
Water 49.7+0.54 153.32+2.07 2.05+0.54 0.16 0.84 84.0
CN 57.8+0.37 148.71+1.82 9.24+1.89 0.18 0.82 82.0
SB-CN 58.4+0.45 150.24+0.95 10.08+2.01 0.19 0.8l 81.0
SB-CN/KN 56.8+0.51 152.13+2.04 9.52+1.58 0.17 0.83 83.0
Notes: Data expressed are mean values+SD (n=3).
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Figure 4 Images show contact angles for (A) water, (B) CN, (C) SB-CN-based dispersion, and (D) SB-CN/KN-based dispersion droplets on SHS.

In addition, results revealed the advantage of using
a glutaraldehyde atmosphere as a crosslinking medium
instead of crosslinking solutions that cause escaping of
the drug and a potential decrease in the encapsulation

efficiency of hydrophilic drugs.”'®

Differential Scanning Calorimetry Study
(DSC)

The DSC thermograms of SB, CN, KN, and the selected
formula of SB-loaded microspheres (F13) are shown in
Figure 7. The DSC curve of the SB shows a sharp character-
istic endothermic melting peak starting at 200°C and reach-
ing a maximum at 215.32°C; the same peak was observed in
the drug-loaded microsphere thermogram. Characteristic
peaks at 297.58°C and 326.25°C are observed for CN and
KN thermograms, respectively.”® In addition, the DSC curve
of SB-loaded microspheres showed a broad peak from
290°C up to 310°C due to the physicochemical binding of
the drug with the polymer structure.**

Figure 5 Scanning image of FI3 microsphere formula.

Fourier Transform Infrared Spectroscopy
(FTIR) Study

FTIR study was conducted to detect any possible chemical
interactions between SB and the used polymers in the micro-
spheres. Figure 8 shows the IR spectra of CN, KN, SB, plain
CN/KN microspheres, and SB-loaded microspheres. The IR
spectrum of CN revealed many characteristic peaks at dif-
ferent positions such as vibrations at 1629 cm™ ' representing
the primary amine groups.'' The IR spectrum of KN showed
a distinctive significant peak of the sulfonic group (-OSO5")
at 1265 cm .2 Plain CN/KN microspheres displayed the
disappearance of vibrations at 1265 cm ™' which is charac-
teristic to KN sulfonic group (-OSOj; ), which provides
evidence on the inclusion of KN in microspheres.'* In addi-
tion the characteristic vibration of the amine group at
1629 cm ' was slightly shifted to 1751 cm™', due to the
formation of NHj ion in the complex and the electrostatic
interaction between NH; (cationic group) and the sulfonic
(anionic group) in KN.*® The FTIR spectrum of SB has
shown an intense peak of the tri-methyl group at
1375 cm ', another peak at 1625 cm '
secondary amine group, and a third peak at 1380 cm~

representing the
1
corresponding to the presence of the phenol group.”> SB-
loaded microsphere figures showed an attenuation in SB
peaks that might be due to the decrease in drug concentra-
tion in the system. But there was no shift in drug-
characteristic peaks, which indicates that there was no
interaction between the drug and excipients in the system.**

Swelling Features of SB Microspheres

The swelling characteristics of microspheres in term of
swelling ratio were studied by immersing the selected
formula of microspheres in an acidic medium (pH 1.2) at
37°C for 2 hours followed by phosphate buffer (pH 6.8) up
to 8 hours. Figure 9 shows that SB microspheres remained
intact during the experimental time and appeared larger
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Figure 6 Line plot for the effect of (A) drug-to-polymer ratio, (B) dropper tip size, (C) dropping distance, and (D) duration of crosslinking on the encapsulation efficiency

(%EE) of SB-CN microspheres.

215.32
SB

\/'/‘_’-

CN

~
\\ﬁ\\\\g_/~/“\«/“*\\,*—L\,_f:fszfid_drrﬂKN

236.25 i

1 1
200 300

Tempreture C

Figure 7 DSC thermogram of pure salbutamol sulfate SB, chitosan CN, carragee-
nan, and optimized formula F13.

and more transparent due to the absorption of water and
swollen with CN gel.** Figure 10 shows that the swelling
ratios were increased by increasing CN content due to the
ability

Formulations with the same size and polymer content

higher of microspheres to adsorb water.
showed a non-significant statistical difference in swelling
ratio at p>0.05 level. Swelling ratios were 4.1 and 4.2 for
F13 and F15, respectively, after 8 hours, which could be

interpreted on the basis of its initial size and CN content.

VTN

—fﬁﬂﬁfif"”*‘f““ =

w "
i F13

2500 2000 1750 1500 1250 1000

— —

Figure 8 FTIR spectra of CN, KN, CN/KN microspheres dispersion, SB, and FI13.

Results also revealed that the swelling ratio increased in
alkaline media compared with acidic ones, which can be
interpreted on the basis of increasing the density of CN
charge in acidic media, which reacts strongly with the
carrageenan sulfonic group, creating a stronger complex
and reduced swelling degree. At alkaline pH, amino
groups' charge will decrease, which leads to a weakness
in the ionic reactions, and increases in the swelling rate
take place.
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Figure 9 Digital image of swollen SB microspheres (Fl3) after immersing in 0.IN HCI for 2 hours then in phosphate buffer up to 8 hours.
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Figure 10 Swelling ratios of SB microspheres (FI, F3, F5, F7, F9, FI I, FI3, and F15) in 0.IN HCI for 2 hours then phosphate buffer (pH 6.8) up to 8 hours.

Pre and Post Compression

Characteristics of SBTs

Microspheres were sieved, mixed with talc and magne-
sium stearate, then compressed into tablets by a single
compression method. All formulations showed good flow-
ing properties. The angle of repose for all formulation
mixtures (FT-1-FT-16) was <28°, indicating good flow
properties.*> Compressibility indices and Hauser’s ratios
were ranged from 9.22% to 10.05%, and 1.11 to 1.20,
respectively (data not shown). SBTs were white to whit-
ish-buff, concave, rounded, with a smooth surface. No
cracks, pitting, or lamination were observed. The mean
diameter of SBTs was 6.0£0.0 mm, while the mean

thickness ranged between 3.0 mm and 3.12 mm.
The average hardness was ranged between 7.5 kg/cm?
and 8.1 kg/cm?, indicating sufficient strength of tablets.*
The percentage friability was less than 1% for all formula-
tions, which expresses sufficient mechanical resistance.
All SBTs were within the accepted pharmacopoeia limits
(+7.5%) for weight variation test.*®

In vitro Release Studies

In vitro drug release experiments were completed to give
an idea about the control of SB release upon oral admin-
istration of tablets. The drug release from hydrophilic
polymers is usually controlled by several factors, such as

https://doi.org/10.2147/DDDT.S309078
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the extent of crosslinking, polymer composition, size, and
physicochemical characteristics of the drug, mainly its
hydrophilicity.?® The release of drugs from such hydrogels
occurs through one of the following mechanisms: diffu-
sion, desorption, erosion, or by a combined mechanism.?®
In the presented study, one tablet from each formula was

suspended for two hours in 0.IN HCI then in phosphate
buffer up to 24 hours. Initial burst release was observed
with all tablets, which ranged between 25.2+3.5% and
45.5£2.7% w/w, followed by a slower rate of release
(Figure 11A and B). Burst release is expected due to the
hydrophilic nature of SB, where a rapid release of
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Figure Il (A) In vitro dissolution profiles of SB from SBTs for FI-F8 in 0.IN HCI for two hours followed by phosphate buffer up to 24 hours. (B) In vitro dissolution

profiles of SB from SBTs for F9—FI16 in 0.IN HCI for two hours followed by phosphate buffer up to 24 hours.

Drug Design, Development and Therapy 2021:15

https:

Dove:

2879


https://www.dovepress.com
https://www.dovepress.com

Gaber et al

Dove

the hydrophilic drugs usually occurs upon contact with the
release medium, followed by a slower release rate.’'
A rapid release can be interpreted also on the basis of
the presence of un-incorporated drug molecules on the
surface of the microspheres. In addition to its hydrophili-
city, SB is an acidic salt of a weak base (pKa=8.6), which
ionized and solvated rapidly in 0.1N HCI (acidic medium),
high
consequent release will be based on the ability of SB to

resulting in a initial burst release.*® The
diffuse through the micro-voids in the complex matrix
formed between the CN and KN which acts to hinder the
drug diffusion through microspheres.'*'* Statistical analy-
sis of in vitro release data revealed that the release of SB
from microspheres was significantly (p>0.05) affected by
the polymer concentration and the size of the micro-
spheres. On the other hand, the duration of crosslinking
and changing in dropping distance did not reflect
a significant (p>0.05) change in the rate of release. The
increase in polymer concentration with a larger size of
microspheres results in more tortuosity in the hydrogel
with an increase in crosslinking, which results in
a longer diffusional pathway and consequently an increase
in the hindrance of drug release and consequently
a decrease in the rate of drug release. An inverse relation-
ship between polymer concentration and the rate of drug
release has also been reported by Yousry et al and Yassin
et al.®® In addition, results show that crosslinking of
microspheres in glutaraldehyde atmosphere for 30 minutes
was sufficient to achieve a maximum crosslinking of CN,
and the increase in the crosslinking duration to 60 minutes
did not result in significant changes in the rate of drug
release. F1, F2, F3, and F4 exhibited burst release, since
about 75.14£2.3%, 72.2+3.1%, 73.5£1.9%, and 72.9
+2.01% of SB was released in 30 minutes, respectively.
Almost 100% of SB was released within the first two
hours. So, F1, F2, F3, and F4 did not show the required
sustained-release properties, whereas F5, F6, F7, and F8
microspheres released 60+3.3%, 56+1.7%, 5843.0, and 55
+2.5% of SB in 30 min, respectively. The increase in CN

Table 3 Similarity Factors Between Different Formulations

content leads to a significant reduction in the drug release
rate (p<0.5) owing to the formation of a denser mass,
which acts as a barrier to drug diffusion.”> T50 (the time
required to achieve 50% release of the drug) was 11542.5,
125+3.3, 120+4.2, and 108+3.5 minutes for F9, F10, F11,
and F12, respectively, and subsequently the initial burst
release was decreased. Concerning F13, F14, F15, and F16
release profiles, it was observed that SB release rate was
different; 50% of SB was released after 245+3.5, 238+4.2,
235+3.6, and 240+3.6 from FT13, F14, F15, and F16,
respectively, which might be explained on the basis of
CN content and the size of the microspheres (as discussed
previously). Based on the %EE results and the release
data, F13 was considered the optimal formula. It was
selected for additional investigation in beagle dogs for its
pharmacokinetic parameters. Table 3 expresses the simi-
larity levels between release profiles of selected formula-
tions. High similarity was observed between formulations
with the same CN content, while lower similarity was
observed for those with different content of CN.

Kinetic Studies of SB Release from SBTs
In order to study the release kinetics of SB from prepared
tablets, the in vitro release data were fitted to zero-order,
first-order, Higuchi model, Korsmeyer—Peppas model, and
Hixson—Crowell mode. Criteria for deciding the most
appropriate model was based on the highest value of
coefficient of determination (R?). Results reported in
Table 4 showed that the best fitting model with the highest
determination coefficient (R?) for all formulac was the
Higuchi diffusion model, followed by the Peppas equation,
zero-order, then first-order equation. This revealed that the
main factor affecting SB release from the CN/KN poly-
meric system was its diffusion through the gel layer.*’

In vivo Performance of SB in Selected
Formula (F13) and Market Product

The pharmacokinetics of the optimized formula (F13) com-
pared with the marketed SB product in oral administration

Formula Similarity Formula Similarity Formula Similarity Formula Similarity
Code Factor (f2) Code Factor (f2) Code Factor (f2) Code Factor (f2)
FI:F5 71 F9:FI3 30 FI:F9 41 F5:FI3 32
F2:F6 73 FIO0:F14 32 F2:F10 35 Fé:F14 34
F3:F7 75 FI1:FI5 28 F3:FI1 40 F7:FI5 35
F4:F8 72 FI2:Fl6 31 F4:F12 36 F8:Fl6 30
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Table 4 Kinetics Study of in vitro Release Data of SB from Tablets

Formula Code Zero Order Q. = Qg + ko t | First-Order Q = Qoe_kt Higuchi Q, = k t'2 Peppas QJ/Q.. = ktn
R? K (%min™") R? K (min-1) R? | K (%min-1) R? n
Fl 0.88 0.178 0.905 0.002 0.988 5.378 0.974 0.398
F2 0.944 0.174 0.871 0.001 0.974 3.958 0.968 0.388
F3 0.965 0.151 0.822 0.001 0.995 3.789 0.984 0.471
F4 0.951 0.166 0.848 0.002 0.973 4.126 0.96 0.573
F5 0.946 0.17 0.8 0.001 0.996 4.289 0.988 0.433
Fé6 0.934 0.174 0.702 0.001 0.983 4.407 0.976 0.433
F7 0.945 0.174 0.743 0.001 0.985 4.39 0.977 0.569
F8 0.964 0.132 0.84 0.001 0.982 3.293 0.973 0.398
F9 0.965 0.126 0816 0.001 0.995 3.162 0.984 0.433
FIO 0.931 0.11 0.754 0.001 0.985 2918 0.973 0.221
Fll 0.895 0.085 0.755 0.001 0.970 2.178 0.969 0.342
Fl12 0.92 0.089 0.76 0.001 0.981 2.277 0.975 0413
FI3 0.907 0.087 0.711 0.001 0.980 2.233 0.967 0.466
Fl4 0.957 0.249 0.792 0.002 0.987 5.463 0.966 0.521
FI5 0.923 0.198 0.765 0.001 0.973 5.015 0.961 0.575
Flé 0.936 0.195 0.77 0.002 0.976 4.985 0.96 0.638

was investigated in beagle dogs. The pharmacokinetic para-

meters are shown in Figure 12 and Table 5. Results

revealed that, after oral administration of F13 and market

Plasma concentration (pg/mL)

2.5

1.5

0.5

-
-

product to beagle dogs, the drug appeared in plasma after
0.43£0.12 h and 0.41+0.10 h, respectively. Mean peak drug
concentration (Cp,ax) of F13 (2.50+0.14 pg/mL) was higher

=fli=commercial tablets

F13

o

12

15

Time (Hours)

18

21 24

Figure 12 Mean (+SE) plasma SB concentrations following oral administration of commercial tablets and FI3 tablets to six beagle dogs.
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Table 5 Pharmacokinetic Parameters of SB Following Oral
Administration of Salbovent® and FI3 Microspheres to Six

Beagle Dogs
Pharmacokinetic Parameters* Salbovent® FI3
AUCq_o4n (ugh.mL™") 55.80+6.36 89.92+10.12
Crnax (Mg mL") 2.79+0.21 2.5+0.14
Trmax (h) 1.0£0.1 1.0£0.2
MRT (h) 10.18+2.29 23.29+4.75
F 161.14

Notes: *Values are mean of data (n=6) +SE.
Abbreviation: AUC, area under the curve.

than that of the market product C,., (2.79+0.21 pug/mL).
The mean time to achieve the peak concentration (t,,x) was
almost the same (1.0+0.2); no statistically significant dif-
ference (p>0.05) was recorded between the t,,., values of
the sample and the reference product. The AUC,_,4 value
was 55.80+6.36 and 89.92+10.12 (ug.h.mL™") for market
product and F13, respectively. The results suggest that there
was a 1.61-fold enhancement of the extent of drug absorp-
tion of F13 as compared to market tablets. Results may be
explained on the basis of rapid elimination and fast decline
in drug concentration from the market product; on the other
hand, the sustained-release system (F13) showed a slow
elimination curve that was able to maintain SB plasma
concentration for a longer period. In addition, results
showed that the mean residence time (MRT) was 23.29
+4.75 h and 10.18+2.29 h for F13 and commercial product,
respectively. Results revealed that the formulated micro-
spheres showed an accepted sustained-release behavior
in vivo. Similar results were reported for diclofenac
sustained-release

sodium, and

beads.>>*8

nonpareil, rifampicin

Conclusion

The study presented an easily modifiable delivery system
with an accepted encapsulation efficiency of water-soluble
drugs. The experiment proved that SB-loaded CN/KN
microspheres prepared on superhydrophobic surfaces are
a promising cost-effective system that could sustain the
release of the drug and improved its duration of action
in vivo. In addition the results showed that the optimized
formula significantly enhanced the bioavailability com-
pared to the reference product and showed a promising
sustained-release effect in vivo with lower frequency.
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