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The use of chitosan as an effective carrier of theophylline —
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Abstract: In order to solve the problem of frequent drug dosing and increase its effectiveness, theoph-
ylline (THP) was deposited on chitosan nanoparticles (CSNPs). THP-CSNPs nanocomposites with the
composition of 50, 75, 100 or 150 mg of chitosan (CS) and 25, 50, 75, 100 or 200 mg of tripolyphosphate
(TPP) at pH 4.0, 5.0, 6.0 and 6.5 were prepared, and a constant weight of THP of 100 mg. The nanocom-
posites were characterized by X-ray diffraction (PXRD), field emission scanning electron microscopy
(FE-SEM), and Fourier transform infrared spectroscopy (FTIR). The rate of drug release was also tested.
The Minitab 18 program was used to analyze the results. The independent variables were the CS, TPP,
and pH, while loading efficiency, zeta potential, and particle size were the dependent variables. The
nanocomposites successfully transported and protected the drug, providing its sustained release.

Keywords: theophylline, chitosan, nanocomposites, controlled drug release.

Zastosowanie chitozanu jako skutecznego nosnika teofiliny — leku

przeciwastmatycznego

Streszczenie: W celu rozwiazania problemu czestego dawkowania leku i zwigkszenia jego efektyw-
nosci teofiling (THP) osadzono na nanoczastkach chitozanu (CSNPs). Przygotowano nanokompozyty
THP-CSNPs o skiadzie 50, 75, 100 lub 150 mg chitozanu (CS) oraz 25, 50, 75, 100 lub 200 mg troéjpolifosfo-
ranu (TPP) przy pH 4,0, 5,0, 6,01 6,5 oraz statej masie THP wynoszacej 100 mg. Nanokompozyty charak-
teryzowano za pomoca dyfrakcji promieniowania rentgenowskiego (PXRD), skaningowej mikroskopii
elektronowej z emisjq polowa (FE-SEM), spektroskopii w podczerwieni z transformacjq Fouriera (FTIR).
Zbadano réwniez szybkos¢ uwalniania leku. Do analizy wynikéw wykorzystano program Minitab 18.
Niezaleznymi zmiennymi byty CS, TPP i pH, podczas gdy wydajnosc tadowania, potencjat zeta i wiel-
kos¢ czastek byty zmiennymi zaleznymi. Nanokompozyty z powodzeniem transportowaty i zabezpie-

czaly lek, zapewniajac jego przedtuzone uwalnianie.

Stowa kluczowe: teofilina, chitozan, nanokompozyty, kontrolowane uwalnianie lekow.

Athletes” success depends on their skills and other
abilities. However, many athletes have been found to
consume theophylline (THP) to enhance their perfor-
mance [1]. Still, studies show no ergogenic effects of THP,
suggesting that the drug should remain acceptable for
athletes with asthma participating in international sport-
ing events [2, 3]. THP has been used to treat respiratory
diseases, including exercise-induced bronchospasm [4],
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for over 90 years. THP decreases exhaustion of certain
muscle groups in humans, providing a theoretical basis
for a positive effect in sporting activity [5, 6]. The studies
also show that therapeutic levels of THP had no impact
on fatigability or strength during maximal contraction
in any muscle group studies [7]. One study showed THP
significantly increased the endurance of forearm mus-
culature by delaying the onset of intracellular metabolic
acidosis [8].

Controlled drug delivery has been the primary focus of
research in pharmacy [9]. The controlled delivery system
exhibits a pattern of drug release in which the drug con-
centration remains in the therapeutic window for a suf-
ficiently long time, achieving a sustained physiological
effect. Polymers have achieved successful applications
in the formulation of controlled drug delivery [10]. Their
small size provides different benefits, such as sustained
residence in gastro intestinal tract (GIT), better penetra-
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tion, and excellent cell uptake [11]. Additionally, these
nanoparticles are highly degradable with little toxicity
to cells [12]. These properties make them excellent candi-
dates for increasing effectiveness. Nanoparticles have sev-
eral advantages, such as better in vivo stability, long-term
capacity release, and permeation through tiny capillaries
and body compartments [13]. Furthermore, nanoparticles
could increase the drug’s therapeutic index, change phar-
macokinetic and biodistribution properties, and assist
in sustained-release reservoir formation [14].The main
requirements for nanoparticle design include small size
(50-200 nm), high loading capacity, slow complex dissocia-
tion in vivo, and optimized targeting to the desired tissue
with limited absorption by other tissues. Developing
a formulation with such characteristics while considering
design simplicity and cost is crucial for an effective drug
delivery system [15, 16].

Chitosan is an N-deacetylated chitin derivative, a linear
polysaccharide formed from randomly arranged deacety-
lated units of B-(1-4)-linked D-glucosamine along with
acetylated units of N-acetyl-D-glucosamine. Chitosan is
made by treating chitin harvested from shrimp and other
shellfish shells with alkaline sodium hydroxide. [17].

Theophylline (dimethyl xanthine) has been prescribed
to manage pulmonary diseases for a long time. The
drug acts as a bronchodilator. However, for it to be effec-
tive, relatively high doses need to be prescribed, which
increases the likelihood of many adverse effects asso-
ciated with the medication. Frequent side effects have
depopularized theophylline administration, increasing
preference for inhaled b2-agonists. Recently, it has been
proven that in lower concentrations theophylline has an
anti-inflammatory effect on asthma and chronic obstruc-
tive pulmonary disease (COPD) [4].

Most drugs have drawbacks such as poor stability,
water insolubility, low selectivity, high toxicity, and
adverse effects. Drug carriers should play a vital role in
overcoming these obstacles. Nanoparticles of chitosan
are drug carriers having the convenience of extended
drug release, which controls the solubility and stability
of the drug while simultaneously enhancing efficacy and
reducing toxicity [18].

The administration of drugs as a single dose rather
than multiple doses has been made available using sus-
tained-release preparations. Prolonging the release of the
drug enables a constant level of the drug in the blood.

Theophylline (THP) is administered orally, intrave-
nously, or inhaled as an anti-asthma treatment [19, 20].
Although, recent research revealed that the dose range
of THP, which is optimized between efficacy and toxic-
ity, is narrow (the therapeutic index of THP is between 10
to 20 pg/mL) [21]. In addition, the short half-life of THP
may cause poor patient compliance due to the frequent
administration of the medicine. Therefore, we used the
THP drug as a model to form THP-CS nanocomposites.

In this study, the design of experiments included
many interrelated activities; for example, the develop-

ment of statistical hypotheses correlated closely with the
scientific hypothesis and the selection of the indepen-
dent variables to be controlled and dependent variables.
Additionally, we classified the randomization proce-
dure to choose the experimental units. Nevertheless, the
design of the experiments included the statistical analy-
sis used to illustrate the correlation between independent
and dependent variables.

The present work aims to optimize theophylline-
loaded chitosan nanoparticles and analyze different vari-
ables (tripolyphosphate, chitosan concentration, and pH
value) on the loading efficiency, zeta potential, and par-
ticle size of nanocomposites.

EXPERIMENTAL PART
Materials

All chemicals, reagents, solvents, and metal salts used
were of analytical grade. Theophylline (99%), sodium tri-
polyphosphate (TPP), and chitosan with low molecu-
lar weight (10-120kD_) were purchased from Sigma
Aldrich (USA). Acetic acid and sodium hydroxide were
purchased from Chem Co (England).

Preparation of CSNPs nanoparticles

Chitosan nanoparticles were prepared by dissolv-
ing 500 mg of chitosan in 10 ml of acetic acid heated to
45°C, stirring the sample until a uniform solution was
achieved. The 500 ml volumetric flask was topped off
with distilled water. 100 ml of this solution was trans-
ferred to a new 500 ml volumetric flask, and tripoly-
phosphate was titrated dropwise to form chitosan
nanoparticles (CSNPs). Many researchers employed tri-
polyphosphate for chitosan nanoparticles preparation
due to its favorable characteristics, such as nontoxicity,
multivalence, and capability of making gels via ionic
gelation due to its negative charge.

Preparation of THP-CSNPs nanocomposites

Theophylline-chitosan nanocomposites were prepared
according to previously published research with some
modifications [22]. Briefly, various quantities of chitosan
were dissolved in acetic acid under hot magnetic stir-
ring (45°C). As the chitosan amount increased, so did
the amount of acetic acid needed to dissolve chitosan.
Tripolyphosphate was added to the chitosan-acetic acid
solution dropwise to form CSNPs. Next, 100 mg of the-
ophylline was liquefied in 15 ml of sodium hydroxide
and topped off to 25 ml using deionized water. This solu-
tion was then added to chitosan nanoparticles to form
THP-CSNPs. pH was monitored and adjusted as needed,
using NaOH to achieve the specified pH (4.0, 5.0, 6.0, and
6.5). THP-CSNP mixture was stirred for 18 h and then
centrifuged for 10-45 min, depending on the amount of
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chitosan added to the sample, at 11,000 rpm. After com-
pleting the centrifugation, a gel and a supernatant were
obtained. The gel was dried in an oven at 40°C for two
days to get a dry powder of THP-CSNPs.

In vitro release study

The release of theophylline was examined in PBS at pH
74and A__ of 271 nm. A sufficient weight of each nano-
composite was added to the release media. The cumula-
tive dissolved concentration of theophylline was mea-
sured using a calibration curve.

The percent release of theophylline in the PBS was cal-
culated from Equation 1.

Mass of THP at time ¢
Mass of THP in nanocomposite

%Release = -100 (1)

Determination of loading efficiency (%LE)

The supernatant from the centrifugation step used to
prepare THP-CSNP was used to measure the loading
efficiency (LE) of theophylline from prepared nanocom-
posites. The sample was centrifuged (Hettich Universal
30 RF, Germany) at 11,000 rpm for 45 minutes. The
supernatant was separated from the gel. The free drug
in the supernatant was measured from the absorbance
at A__ of 271 nm by UV-vis spectrophotometer, and the
loading efficiency of theophylline was calculated from
Equation 2.

Total mass of THP — Total mass of free THP
Mass of nanocomposites

%Loading = -100 (2)

Full factorial design (FFD) for design of experiments

In the current study, the effect of CS, TPP, and pH,
the three independent variables, on the loading effi-
ciency, zeta potential, and particle size, three depen-
dent variables, were investigated using Minitab 18 soft-
ware. According to the applied design, 80 experimental
runs were performed in random order. Graphical analy-
ses, such as contour, surface, main effects, and interac-
tion plots, were performed. Degree of freedom (DF), an
adjusted sum of square (Adj SS), adjusted mean square
(Adj MS), coefficient (Coef), square error of coefficient (SE
Coef), F-value, T-value, P-value, and VIF were used in the
analysis. Table 1 shows all collected data.

Table 1. Levels of CS, TPP and pH

Levels
Parameter
1 2 3 4 5
Chitosan, mg 50 75 100 150 -
TPP, mg 25 50 75 100 200
pH 4 5 6 6.5 -

Ultraviolet spectrophotometry

Ultraviolet-visible spectrophotometry is a widespread
technique used to qualitatively and quantitatively cha-
racterize samples. The absorbance was measured at
A_.=271 nm to identify the concentration of free drug
(THP) in the supernatant of the sample solution after
centrifugation. These measurements allow for deter-
mining the percentage of efficiency in the theophylline-
loaded nanocomposites. Additionally, in vitro release
of THP can be determined in PBS (pH=7.4) by the same
technique.

Fourier transform infrared spectroscopy (FTIR)

FTIR is used to identify functional groups and chemi-
cal bonds in a molecule from the infrared absorption
spectrum. Because each functional group has its unique
wavelength and absorption properties, the functional
groups in a sample can be identified, and the structure
of the entire molecule deduced. Thus, this technique can
support data on molecular interaction and compatibil-
ity recorded using other experimental approaches. The
spectra were obtained in the range of 400-4000 cm™ on
a Perkin Elmer with 4 cm™ resolutions. A small amount of
powder sample was used (0.01mg), and the force applied
to the powder was about 75 N. The instrument and die
were cleaned with ethanol after the analysis.

Particle size and zeta potential of THP-CSNPs
nanocomposites

THP-CSNP particle size was measured using dynamic
light scattering (DLS) with Zetasizer (Malvern, UK) at
Hikma Pharmaceutical Manufacturing. Each sample
was analyzed in triplicate at 25°C. The samples were dis-
persed in distilled water and sonicated for 15 minutes.
The cuvette was filled and capped. The Malvern logo
faced the instrument front. There were no bubbles in the
cuvette. The software automatically recorded run num-
bers for each measurement.

Powder X-ray diffraction (PXRD)

The PXRD is a technique used to give information on
the unit cell dimensions and phase identification of crys-
talline material. The PXRD technique was used in the
range of 5-70° with an XRD D5005 diffractometer with
Cu radiation (Siemens, Munich, Germany).

Field emission scanning electron microscopy
(FE-SEM)

Field emission scanning electron microscopy (FE-SEM)
is a technique used to capture microstructure images of
materials. A Zeiss LEO 1550 (Jena, Germany) scanning
electron microscope (FE-SEM) was used for the analysis.
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RESULTS AND DISCUSSION

Response surface regression analysis using full
quadratic

The integrative analysis relied on the three variables,
chitosan, TPP, and pH, referred to as A, B, and C, respec-
tively. The results represent 80 samples of nanocompos-
ites covering the full factorial combination. These results
were statistically analyzed using: i) Pareto chart, ii) con-
tour plot, iii) surface plot, iv) interaction plot, v) main
effects plot, vi) Normal probability plot, vii) versus
order, viii) versus fits and ix) half normal plot. All the
factors displayed are separately modeled using 1) a linear
model, 2) a square model, and 3) a 2-way interaction
model. Statistical analysis was conducted on all vari-
ables to understand better the nanoparticle size, load-
ing efficiency, and zeta potential. Variables adopted for
experiments and results underwent statistical analysis
and included the effect degrees of chitosan, TPP, and pH
with their interaction effects. A response surface regres-
sion model was used. The results are presented in Table 2.
Reliability is considered to be linear and quadratic, while
the 2-way interaction on the efficiency of the parame-
ters is significant when the T-value and P-value are less
than 0.05.

The analyses using the linear, square, and 2-way inter-
action for CS, TPP, pH, CS*CS, TPP*TPP, pH*pH, and
CS*TPP showed statistical significance for these com-
binations. Other variables, such as CS*pH and TPP*pH,
were not statistically significant. The results of the statis-
tical analysis (ANOVA) on loading efficiency are shown
in Table 3.

The variance inflation factors (VIF) describe the multi-
collinearity. The VIFs show an increase in the variance of
an estimated regression coefficient when the predictors
correlate with each other. If all the VIFs are 1, there is no
multicollinearity, but if some VIFs are greater than 1, the
predictors are correlated. When a VIF is > 5, the regres-
sion coefficient for that term cannot be estimated with
sufficient accuracy. The results for LE (Table 3) show that
the model has a low coefficient of regression variance,
which corresponds with low multicollinearity.

We used a statistical model called full factorial design,
a multi-linear regression design, to select the best form
for the particle size. The three variables, chitosan, TPP,
and pH, were used to determine the best process at mul-
tiple levels for each variable. These factors produced the
best results. Eighty batches of nanoparticles were pro-
duced, and the Minitab-18 statistical software and sev-
eral application program plots were applied to identify
the best process. Table 3 also presents data expressing
the role and impact of each of these variables on the size
of the final produced nanoparticles and the results of
ANOVA analysis for all variables, determining which of
the variables significantly affect the size of the particles
and which have no significant impact on their size.
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TPP, TPP*pH, and CS*pH had a substantial, direct, and
statistically significant effect on the size of the nanoparti-
cles prepared, as demonstrated by a p-value less than 0.05
and a higher value of F. However, other variables, such as
pH, CS, CS*CS, TPP*TPP, and CS*TPP, had no impact on
nanoparticle size. No statistical significance was detected
for these variables.

Analysis of variance for the zeta potential is shown in
Table 3. P-values less than 0.05 demonstrate significance.

Linear, square, and 2-way interaction analysis models
for TPP, pH, CS*CS, TPP*TPP, and pH*pH showed that
these variables significantly affect zeta potential. CS,
CS*pH and TPP*TPP, pH*pH, and TPP*pH variables had
no statistically significant impact. Table 3 contains the
variance inflation factor (VIF) values that describe the
multicollinearity. If all values of VIFs are 1, then there
is no multicollinearity. When the VIF values are greater
than 1, then the predictors are correlated. When the VIF
values are above 5, the regression coefficient is not esti-
mated appropriately for that term. Using multiple factors
in regression leads to the model being of low variance on
the regression coefficient and thus considered to have
low multicollinearity.
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Fig. 1. Pareto charts impact: a) LE, b) zeta potential, c) particle
size

Pareto charts of the effect for %LE, zeta potential, and
particle size

Pareto charts are used to identify the most statistically
significant effect among multiple effects, depending on
a curve graph and the arrangement of the effects from the
largest to the smallest.

Figure 1a shows the effect of multiple variables on
the loading efficiency. The Pareto chart shows that the
bars for TPP, CS*CS, and TPP*TPP interact with other
variables, such as pH, pH*pH, CS*TPP, and CS, passing
through the reference line at the value of 2.007. This value
indicates that these factors carry a statistically significant
effect on the loading efficiency at a P-level of 0.05. Also,
this chart clearly shows that TPP, CS*CS, and PP*TPP had
the highest significant effect on the loading efficiency
compared to other variables. The loading efficiency was
not statistically dependent (nonsignificant) on TPP*pH
and CS*pH.

Figure 1b shows the results for the zeta potential.
The Pareto chart shows that the TPP, pH, CS*TPP, and
CS*CS factors cross the reference line at 2.008, indicating
a strong and statistically significant influence on the zeta
potential values at the 0.05 level. The plot demonstrates
that TPP and pH have a more significant influence on
the zeta potential than CS*TPP or CS*CS, while TPP*pH,
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Fig. 2. Half normal plots: a) LE, b) zeta potential, c) particle size
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Fig. 3. Contour plots for LE against: a) TPP and CS, b) pH and CS, c¢) pH and TPP

CS*pH, TPP*TPP, pH*pH, and CS are not significant and
have no influence.

Figure 1c shows particle size, in which the bars for TPP,
TPP*pH, pH*pH, and CS*pH passes the reference line at
the value of 2.004. This value means that these factors
have an important and statistically significant effect on
the particle size at the 0.05 level. Using the Pareto chart,
we find the TPP and TPP*pH factors to have more impact
on the particle size than pH*pH, CS*pH, or other vari-
ables. CS*TPP, CS, TPP*TPP, pH, and CS*CS factors are
not significant and do not influence particle size.

Half normal plot effect for %LE, zeta potential, and
particle size

The half-normal probability plot is used to identify and
determine the magnitude and importance of any effects.
The half-normal probability plot indicates that any effect
further than zero is statistically significant. In these plots,
the shape and color of the points are different between
statistically significant and nonsignificant effects.

Parameters are labeled significant when the P-value
is less than 0.05. Figure 2 demonstrates that the TPP and
chitosan significantly affect LE, zeta potential, and par-
ticle size. TPP has a greater effect than chitosan in that
aspect. pH significantly affected the response of zeta
potential.
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W-75-50 60 ‘
W50 - 25
25 - 00
. m 00 25 5.5 \
=) W 25- 50 4
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Hold Values
pH 5.25 4.5
4.0
50 100
CS (@)

Contour and surface plots impact for LE, zeta
potential, and particle size

The purpose of using the Contour Plot in this study is
to identify the potential relationship between the three
variables, Chitosan, TPP, and pH.

A contour Plot can display a two-dimensional relation-
ship between the X and Y factors (i.e., predictors) plotted
on the X and Y graph. The response values are specified
on the contours. The surface plot takes from a topograph-
ical map wherein x-, y-, and z-values are designed and
plotted in reference to longitude, elevation, and latitude.
Three dimensional (3D) surface plot is a graph that can
be used to identify the potential relationship between
three variables. Predictor variables are presented on the
x and y scales, and here the response variable (z) appears
as a smooth surface (3D diagram). The loading efficiency
response is shown in Figure 3.

Figure 3c shows two regions of the highest loading
efficiency (more than 80%) when pH is 6.0 to 6.5 or less
than 4.3 and the amount of TPP is less than 50 mg. This
data reinforces the information mentioned previously in
Table 3, showing that TPP and pH were statistically sig-
nificantly affecting the loading efficiency.

On the other hand, Figure 3b presents the Contour plot
response analysis for the pH and chitosan relationship
for the loading efficiency parameter. When the chitosan is
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Fig. 4. Contour plots for zeta potential against: a) TPP and CS, b) pH and CS, ¢) pH and TPP
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used in a small amount (about 50 mg) with a pH between
6.0 and 6.5 or less than 4.3, the loading efficiency is less
than 70%. When the TPP is used at 50 mg or less and chito-
san at less than 50 mg, the loading efficiency exceeds 80%.
Figure 3A shows that when the CS, TPP, and pH concen-
trations increase, the loading efficiency decreases.

The surface plots can give a three-dimensional curva-
ture that shows how different factors affect the process
of change in the loading efficiency. This information is
useful when combining the output values and various
variables. The variables are displayed on the X and Y axes
in these graphs, while the outputs are displayed on the
Z axis. A gradient towards a darker surface implies an
incremental change in response. Thus, high loading effi-
ciency can be achieved by using approximately 50 mg of
chitosan, pH around 6.0, and less than 50 mg of TPP.

Figure 4a shows that the highest zeta potential region
is at pH less than 5.0, the amount of TPP is < 60 mg, and
the % of zeta potential is between 8-12 mV. This supports
the information previously mentioned in Table 3; that is,
TPP and pH explicitly affect the zeta potential value.
Additionally, the Contour plots in Figure 4b present the
effect of pH and the amount of chitosan on the value
of zeta potential. When the amount of chitosan used is
between 50 mg and 125 mg, and the pH is less than 4.5,
the zeta potential increases above 2 mV. However, this
value is below an effective level. Again, Table 3 shows
that CS does not significantly affect zeta potential. Figure
4c) demonstrates that when TPP is less than 50 mg, and
CSis between 50 and 125 mg, zeta potential is more than
5 mV which is still low. From surface plots, the highest
zeta potential can be achieved using a pH of less than 5.0
and a TPP of <50 mg.

It is apparent from Figure 5c that the size of the par-
ticles is still less than 150 nm when the amount of TPP is
less than 50 mg and the pH is less than 5.5. This supports
the previously mentioned information in Table 3 that TPP
significantly affects particle size. Furthermore, Figure 5b)
demonstrates the response contour plots to the analysis
of the effect of pH and amount of chitosan on the particle
size. When chitosan is used in an amount of more than
125 mg, and pH is more than 5.0, the particle size reduces
below 200 nm. Figure 5a shows that when TPP > 150 mg,

the particle size is smaller than 200 nm and has no effect
on chitosan, as mentioned in Table 4. Surface plots from
Figure 5¢ show that the size of particles is less than 50 nm
when TPP is less than 50 mg and pH is less than 5.5.

Main effect plots for loading efficiency, zeta potential
and particle size

A main effects plot identifies the significance of each
variable on different levels. There are effects related to
the role of different levels and concentrations of a given
factor in producing different responses. The main effect
plots curve represents the response mean for any variable
associated with a line.

Figure 6a shows the main effect plot of LE, from which
we conclude that chitosan, TPP, and pH are factors that
have a definite effect on the loading efficiency and that,
with increasing the concentration of chitosan, the loading
efficiency begins to decrease until the amount of chito-
san reaches 100 mg. Next, we found that increasing the
amount of chitosan above 120 mg increases the value of
LE. However, when the concentration of TPP increases,
the LE begins to decrease until the concentration of TPP
reaches 150 mg. When TPP concentration increases above
150 mg, the loading efficiency also increases. Finally, by
increasing the pH, the LE begins to decrease until the pH
is about 5.75. However, when pH increases above 6.0, the
LE increases as well.

Figure 6b shows the main effects plot of zeta potential,
which indicates that chitosan, TPP, and pH are factors that
have a definite impact on the zeta potential. By elevat-
ing the chitosan concentration, the zeta potential tends
to increase slightly until the amount of chitosan reaches
100 mg. The zeta potential decreases when the chitosan
amount increases to more than 120 mg. When increasing
the TPP concentration, the zeta potential tends to decrease
until the amount of TPP reaches 200 mg. Also, by increas-
ing pH, zeta potential tended to decrease to -2.5 mV.

Figure 6¢ offers the results of the main effects plot of par-
ticle size, which displays that chitosan is a factor with mini-
mal effect on particle size, but when the TPP concentration
increases, the particle size also begins to increase. When
pH increases to 5.5 then the particle size tends to increase.
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Optimization of the loading efficiency, zeta potential,
and particle size models

Optimization can be defined as selecting the best ele-
ment (concerning some criteria) from some set of avail-
able alternatives. The advantage was considered for mini-
mizing cost while maximizing profit and efficiency [23].
The optimized formula can be collected at the highest
loading efficiency, smallest particle size, and optimum
zeta potential. Therefore, the optimized formula should
have the following parameters 39.4% LE, 322 nm particle
size, and -1.33 mV zeta potential (Figure 7).

Validation of the loading efficiency, zeta potential,
and particle size models

Validation ensures that a procedure carried out in the
formation of a drug maintains the desired level of com-
pliance at all stages [24]. Validation contains predicted

equation 3.

0/ Ri~e — Observed value — Predicted value
%eBias Predicted value 100 @)

As demonstrated in Table 4, the amount of bias is
9.8%, -18.4%, and 20.1% for the first formula (CS=50 mg,
TPP=25 mg, and pH 4.3), respectively. The bias is -12.1%,
17%, and -17.2% for the second formula (CS5=109 mg,
TPP=104 mg, and pH=5.3), respectively. While the third
formula had the following bias values 12.5%, -8.1%, and
8.3% for (CS=134 mg, TPP=157 mg, and pH=4.6), respec-
tively. These are the results and data through which we
conclude the validity and effectiveness of the generated
models with statistically non-significant differences in
addition to a good correlation between the experimental
and the predicted values.

Characterization of THP-polymer nanocomposites
X-ray diffraction (XRD)

The structures of pure THP, CSNPs, and THP-CSNPs
nanocomposites were characterized by the powder X-ray
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Table 4. Comparative results between observed and predicted

response values of variables of optimized formulation

concentra- | Experimental |Predicted | Experimental | Bias
tions response values values (%)
LE (%) 88.8 80.1 9.8
CS (50 mg) Particles size
TPP (25 mg) (nm) 342 405 -18.4
pH (4.3) .
Zeta potential 139 11 201
(mV)
LE (%) 55.6 62.3 121
CS (109 mg) Particles size
TPP (104 mg) (nm) 241 200 17.0
pH (5.3) .
Zeta potential 05 15.0 172
(mV)
LE (%) 59.4 52.0 125
CS (134 mg) Particles size
TPP (157 mg) (am) 321 347 -8.1
pH (4.6) .
Zeta potential 13 11.0 83
(mV)

diffraction (XRD) technique. As presented in Figure 8,
curve A is the XRD pattern of pure THP. Various sharp
peaks emerged, indicating that this THP sample shows
good crystallization performance. Moreover, there are
diffraction peaks located at 7.28° 12.76° 14.54° 22.28°,
and 25.66° [25, 26]. The corresponding diffractogram of
CSNPs in Figure 8b) display two amorphous peaks at 20
of 19.1 and 24.9 with a characteristic broad hump for the
second peak [27]. In addition, the THP-CSNPs nanocom-
posites in Figure 8C do not represent any diffraction peak
for THP.

THP-CSNPs

Intensity, a.u.

CSNPs

| |

THP
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Fig. 8. Powder X-ray diffraction patterns of: THP, CSNPs,
and THP-CSNPs nanocomposites
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Fig. 9. FTIR spectra of: THP, CSNPs, and THP-CSNPs nanocom-
posites

Fourier transform infrared (FTIR)

The FTIR spectra of free THP, CSNPs, and THP-
CSNPs nanocomposites are presented in Figure 9. The
FTIR spectrum of THP (Figure 9a) shows an absorp-
tion band at 3120 cm™, which refers to stretching (N-H)
[28]. Characteristic stretching vibrations of the car-
bonyl (C=0) groups of THP are present at 1706 cm™ and
1659 cm™. The amine stretching signal of the THP is
observed at 1562 cm™ [25]. The FTIR absorption band
at 1486 cm™ refers to the stretching of C=C, whereas the
absorption band at 1670 cm™ refers to the C=N of the
purine ring [29].

The unmodified chitosan shows a band at 3457 cm™ cor-
responding to the NH, and OH group stretching vibra-
tions. The broad band between 1657 cm™ and 1598 cm™
corresponds to the CO-NH, group and the NH, group
bending vibration [30].

The FTIR spectra of CSNDPs are presented in Figure 9b.
The peak at 3447 cm is sharp, indicating the presence
of hydrogen bonding. Peaks at 1600 cm™ and 1509 cm™
result from the interaction between NH,* groups of chi-
tosan and phosphate groups of TPP [31]. The other sig-
nificant band for CSNPs is observed at 1398 cm™ owing
to —-CH, wagging. Furthermore, the peak at 1040 cm?,
which appears in the FTIR spectra of CSNPs, shows
characteristics of P=O stretching vibration from phos-
phate groups.

The FTIR spectrum of the THP-CSNPs nanocompos-
ites is presented in Figure 9c¢). The spectrum of the nano-
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Fig. 10. Interaction of chitosan with TPP and THP in nanocom-
posites

composite exhibits the characteristic bands for pure THP,
thus indicating that the THP interacts with the CSNP
nanoparticles.

The interaction between THP and CSNPs in
nanocomposites

Chitosan, with a pKa of 6.3, is polycationic when dis-
solved in acid and presents -NH,* sites. In addition,
sodium tripolyphosphate is dissolved in water and
gives hydroxyl and phosphoric ions [32]. Therefore,
the CSNPs display ionic interaction behaviors. There
are three pH regimes for THP, doubly protonated at
pH 2.0, singly protonated at pH 3.0, and neutral at base
media above pH 8.8 [33]. The pH used in this work was
between 4.0-6.5, giving the THP a positive charge. This
indicates ionic interaction behavior between TPP and
THP (Figure 10).
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Fig. 11. In vitro release of theophylline from the prepared THP-

-CSNPs nanocomposites

In vitro release study of Amlop from nanocomposites

Release profile curves of theophylline from the THP-
CSNPs nanocomposites are presented in Figure 11.

The release testing at pH 7.4 reports the amount
released versus time. The released theophylline from
nanocomposites after 10 hours reaches approximately
60%. The process of releasing theophylline from nano-
composites can be organized and explained by several
mechanisms. The first method is the hydrogel swelling
process by absorbing water from the release medium
through the polymer and the resulting swelling and solu-
bility that leads to the release of the drug [34]. The second
explanation is the diffusion and erosion of the polymer,
leading to drug release. This usually happens from the
matrix containing chitosan. In diffusion, the drug perme-
ates and penetrates through the polymer matrix to the
surrounding areas. In erosion, the polymer is crushed
and degraded, breaking the bonds and releasing the
drug. The third explanation for the drug release process
is disintegration, which depends on many factors, such
as the enzymes present in the dissolution medium, the
pH of the medium, and its effect on the polymer’s activ-
ity. Another possibility is the interfering of samples with
other polymers and taking water by these polymers, thus
freeing the drug [35].

CONCLUSIONS

This study demonstrates the possibility of produc-
ing nanoparticles of theophylline with chitosan polymer
by ionic gelation method with advanced and promising
pharmaceutical specifications. The software Minitab 18
used in this study shows that a full factorial design can
be successfully employed in developing THP-CSNPs pre-
pared.

The prepared nanocomposite is characterized by
having sustained release properties with good and
stable physical properties. Particle nano-size and pro-
ductive loading efficiency are acceptable, which is dem-
onstrated by the release of the drug and its stability in
the selected nanocomposites. We obtained nanoparticles
with a wide nano-size range of 84-442 nm, loading effi-
ciency between 70-80%, and stable zeta potential values.
The results indicate that tripolyphosphate significantly
affects LE, zeta potential, and particle size. These param-
eters provide great prospects for future research. We
conclude that these optimized THP-CSNPs formulations
will be an alternative drug delivery system for THP to
enhance its bioavailability and therapeutic index.
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