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The aim of this study was to investigate the drug release behavior from bacterial cellulose (BC). Ibuprofen
and propranolol hydrochloride were used as model drugs to represent low and highly water soluble drugs.
The drug was loaded into the BC by immersing the partially swollen BC in a solution of drug concentrations
ranging from 0.05 to 0.5 mg mL~* and then drying by two different methods: air-drying and freeze-drying.
The results showed that the type of drug and the drying method influenced the drug loading efficiency and
drug release behavior. For ibuprofen, high drug loading efficiency was found when loading the drug into BC
at low concentration and vice versa for propranolol hydrochloride. The drug-loaded BC prepared by the
freeze-drying method showed a sustained release regardless of drug type and drug-loaded amount. The
sustained release followed the Higuchi and Korsmeyer—Peppas models. On the other hand, when using
the air-drying method, BC loaded with ibuprofen showed immediate release at every drug-loaded
amount. However, BC loaded with propranolol hydrochloride showed immediate release at the high
drug-loaded amount but showed sustained release at the low drug-loaded amount. The release of drug
from a drug-loaded BC prepared by air-drying method tended to follow first-order kinetics. In
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Introduction

Bacterial cellulose (BC) is bacteria-derived cellulose that can be
produced from a variety of bacteria genera, such as Acetobacter,
Komagataeibacter, Agrobacterium, Rhizobium, and Sarcina.* Its
chemical structure is a linear polysaccharide of glucose
((C¢H1206)y,) linked by B-1,4-glycosidic bonds, similar to plant-
derived cellulose.> BC consists of a very fine network of cellu-
lose fibers (3-8 nm), giving it a soft tissue-like appearance. Since
BC is not contaminated with hemicellulose or lignin compared
with plant cellulose, BC is of high purity. These positive prop-
erties are beneficial for use on human tissues.>” Studies have
confirmed that BC has good skin tolerance and does not induce
hypersensitivity reactions to various human body tissues.®’
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influenced the drug release characteristics of the BC-based drug delivery system.

Therefore, BC can be considered biocompatible and suitable for
medical applications.

The application of BC for drug delivery has been reported.
Initially, efforts were made for topical and transdermal drug
delivery. It was later expanded to cover oral and other drug
delivery systems in various routes of administration. Because
BC has a three-dimensional nanoporous structure, it can hold
all kinds of pharmaceutical active ingredients including small
molecules, large molecules, and nanoparticles.® The chemical
structure of BC contains a large number of OH groups, giving it
relatively hydrophilic properties.® Therefore, the water solubility
of the drugs is an important factor in the design of BC-based
drug delivery systems. Generally, to use BC for drug delivery,
it has been mixed with other excipients such as gelatin, pectin,
carrageenan, and chitosan to increase its ability for drug-
controlled release.’®™ The controlled releases obtained were
then not from pure BC. Since each material has its properties,
combinations of different materials possibly promote or inter-
fere with each other in controlling drug release."**® In addition,
the properties of the drug itself can affect the release controlling
ability of the prepared drug delivery system."” The controlled
release performance of pure BC for each drug type should be
understood before combining with other materials so that the
most effective controlled-release behavior for the intended drug
use can be achieved.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Several studies have examined BC as a single excipient for
drug delivery. The drug-loaded BC is usually prepared by
immersing the BC membrane, either swollen or dried
membranes in a drug solution, and dried by air drying or freeze-
drying methods. Trovatti et al. (2012) investigated the controlled
released behavior of BC loaded with two types of drugs; lipo-
philic (ibuprofen) and hydrophilic (lidocaine hydrochloride).
The air-drying method was used in the preparation of drug-
loaded BC. They reported that BC loaded with ibuprofen
showed higher but BC loaded with lidocaine hydrochloride
showed lower permeation rates than those obtained from the
conventional formulation.”® Badshah et al. (2017) investigated
the effect of drying methods (air drying and freeze-drying) in the
preparation of drug-loaded BC on the controlled release
behavior of famotidine (low soluble model drug) or tizanidine
(highly soluble model drug) loaded BC. They found that the
drying method did not affect the drug release properties of both
types of drugs.” However, the study of Adepu and Khandelwal
(2020) showed a contrasting trend, showing that the drying
method affected the release behavior of the hydrophilic drug,
diclofenac sodium.* It should be noted that the type of drug
and concentration found in those studies are different, which
might yield different results. To better understand the
controlled release behavior of drugs loaded BC, the effect of
drug type and concentration, as well as the drying method,
should be investigated in a single work.

This work aimed to provide a comprehensive study on the
controlled released behavior of low soluble or highly soluble
drugs loaded with pure BC. Ibuprofen and propranolol hydro-
chloride were used as model drugs, representing low and highly
soluble drugs, respectively. Effects of drug loading concentra-
tion and drying methods (air drying and freeze-drying) in the
preparation of drug-loaded BC on the controlled release
behavior were investigated. The release kinetics of the BC
membrane loaded with the drug was then explored.

Materials and methods
Materials

A fully swollen BC sheet with a thickness of about 1 cm was
purchased from a local nata de coco manufacturer in Thasala
district, Nakhon Si Thammarat, Thailand. It was produced by
growing bacteria in coconut juice fortified with 4% (w/v) sucrose
and left statically to culture for 7 days. The cellulose structure
was in the form of extra-cellular pellicle corresponding to
cellulose produced by Acetobacter xylinum, generally used for
the production of nata de coco.”** Using that culture medium
provided BC with pore size and pore distribution similar to
using standard Schramm & Hestrin's medium.” From micro-
scopic structure, chemical constituents, and crystallinity
pattern of the obtained BC could indicate its conformity with BC
produced with Acetobacter xylinum.**** BC used in this study was
obtained from the same batch, thus, the material characteris-
tics were supposed to be the same. A fully swollen BC sheet was
cut into size 6 cm X 6 cm x 1 cm (width x length x thickness,
respectively), then rinsed thoroughly with distilled water until
the pH of the rinsing water was close to 7. The fully swollen BC
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sheet was then placed in distilled water and stored in the
refrigerator (4 °C) until use. Ibuprofen (=98%) and propranolol
hydrochloride (=99%) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). All other chemicals and reagents used in this
study were of analytical grade or HPLC grade.

Preparation of BC loaded with drug

Bacterial cellulose (BC) loaded with the drug was prepared by
immersion and solvent evaporation technique. The fully
swollen BC sheet (6 cm x 6 cm x 1 cm) was placed on an
aluminum tray and gently pressed with a spatula to drain the
water to obtain the remaining weight of the swollen BC sheet
about 50% of the initial weight. The obtained BC was called
partially swollen BC. Ibuprofen solution and propranolol
hydrochloride solution at three concentrations of 0.05, 0.1, and
0.5 mg mL~ ' were prepared using a similar preparation proce-
dure as follows: the stock solution (10 mg mL™ ") of each drug
was prepared by dissolving the drug in ethanol, then, the stock
solution was diluted with 20% ethanol to obtain the desired
concentrations.

A partially swollen BC sheet was immersed in 40 mL of drug
solution to load the drug into BC. It was performed in duplicate
for each drug concentration for being used in two different
drying methods. The drug solution was stirred at 50 rpm at
room temperature (25 £+ 1 °C) for 24 h to ensure that equilib-
rium was achieved. The swollen BC sheets were then taken from
the immersing solution and the excess solution on the surface
was removed by blotting with tissue paper before drying.

To dry the drug-loaded BC sheet, two different methods, air
drying, and freeze-drying were used in the comparison. For the
air-drying method, the swollen drug-loaded BC sheet was put on
an aluminum tray and dried in a hot air oven (UFE600; Mem-
mert GmbH Co. KG, Buchenbach, Germany) at 45 °C for 12 h.
For the freeze-drying method, the swollen drug-loaded BC sheet
was pre-frozen at —80 °C for 12 h before put in the freeze dryer
(Gamma 2-16 LSC; Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany) until dried (about 24 h).
The blank BC including air-dried BC (BC-AD) and freeze-dried
BC (BC-FD) to be used as the control were also prepared using
the same procedure as the preparation of drug-loaded BC but
without the drug loading. The given name of all prepared BC
loaded with drugs and their controls is shown in Table 1.

Swelling study

The swelling ability of dried BC prepared by air-drying and
freeze-drying methods (BC-AD and BC-FD) were evaluated in
phosphate buffer saline (PBS) pH 7.4 and citrate-phosphate
buffer pH 5.5 which were used as the medium in the drug
release study in order to evaluate the correlation between BC
swelling and drug release behavior. The hydrophilic/
hydrophobic character of drug loading into BC might affect
the swelling ability of BC,*® the drug-loaded BC were then also
evaluated in comparison with the blank BC. The highest
amount of drug-loaded BC i.e., BC-I3-AD, BC-I3-FD, BC-P3-AD,
and BC-P3-FD were used for this purpose. The membrane
sample at a surface size of 2 cm x 2 cm was cut from the
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Tablel Name, composition, and drying method of each prepared BC
loaded with the drug and the control BC

Type of drug Concentration of drug  Drying
Name loading solution (mg mL™") method
BC-AD — — Air-drying
BC-FD — — Freeze-drying
BC-11-AD  Ibuprofen 0.05 Air-drying
BC-12-AD  Ibuprofen 0.1 Air-drying
BC-I3-AD  Ibuprofen 0.5 Air-drying
BC-I1-FD  Ibuprofen 0.05 Freeze-drying
BC-I2-FD  Ibuprofen 0.1 Freeze-drying
BC-I3-FD  Ibuprofen 0.5 Freeze-drying
BC-P1- Propranolol 0.05 Air-drying
AD HCI
BC-P2- Propranolol 0.1 Air-drying
AD HC1
BC-P3- Propranolol 0.5 Air-drying
AD HC1
BC-P1- Propranolol 0.05 Freeze-drying
FD HCl
BC-P2- Propranolol 0.1 Freeze-drying
FD HC1
BC-P3- Propranolol 0.5 Freeze-drying
FD HC1

original dried membrane, weighed, and placed in 100 mL buffer
which was stirred at 50 rpm and set the temperature at 37 °C.
The membrane was taken from the medium to measure the
weight at specified times during 5 min to 6 h and at 24 h, which
is the saturation point. The wet membranes were gently blotted
with a tissue paper to remove the excess medium on the surface
before weighing. The experiment was performed in triplicate for
each type of membranes. The swelling of BC and drug-loaded
BC was calculated as the swelling ratio using the following
equation:

(Ws - Wd)
d

Swelling ratio(%) = x 100 (1)
where, W; is the wet weight of the swollen membrane (g), and
Wy is the weight of dried membrane before being placed in the
medium (g).

Drug loading evaluation

The amount of drug-loaded in the BC membrane was evaluated
by the direct extraction method. The drug-loaded membrane
was cut from the original dried membrane with a cutter to
a surface size of 2 cm x 2 cm, then immersed in 4 mL of ethanol
and extracted the loaded drug using an ultrasonic sonicator
(E300H Elmasonic, USA) at room temperature (25 + 1 °C) for
20 min. The membrane was lifted from the solution and rinsed
with 1 mL of ethanol before discarding. The experiment was
performed in triplicate for each type of membranes. The ob-
tained solution was adjusted to 5 mL with ethanol in a volu-
metric flask. The solution was filtered through a 0.45 pm filter
paper and diluted with ethanol to the appropriate concentra-
tion for analysis. The drugs were analyzed by a UV-vis spectro-
photometer (V-630; JASCO Deutschland GmbH, Pfungstadt,
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Germany) at 265 nm for ibuprofen®” and 290 nm for propranolol
hydrochloride.”® The analytical methods had been optimized
and validated in specificity, linearity and range, accuracy, and
precision according to ICH guidelines® prior to use. Ethanol
(solvent), standard drug solution in ethanol, and ethanol after
blank BC extraction were scanned in the range of 200-400 nm. It
was found that the A, for ibuprofen and propranolol hydro-
chloride were 265 nm and 290 nm, respectively, and were not
disturbed by solvent or any traces from the BC. Calibration
standards were obtained by dissolving the standard drug in
ethanol and found linearity in the application range of 20-400
pg mL™" and 5-40 pg mL~" for ibuprofen and propranolol
hydrochloride, respectively, where R*> > 0.999. For evaluating
accuracy and precision, standard drug solution was spiked in
ethanol in 3 concentrations and 3 replicates (9 determinations).
The methods were found to be accurate and precise, where
recovery in the range of 98-103%, and RSD within +2% for both
drugs analysis. Details of the analytical method validation
results are shown in the ESI (S1 and S2).t The amount of drug-
loaded in the BC membrane at the original size (surface size of
6 cm x 6 cm) was calculated using the rule of three in arith-
metic. The drug loading was calculated as the percentage of
entrapment efficiency (EE) using the following equation:

EE(%) = % x 100 )

where Wp is the practical drug content in the BC membrane size
6 cm X 6 cm (mg), and Wi is the theoretical drug content in the
immersing solution (mg) initially.

Characterization of BC loaded with drug

Scanning electron microscopy (SEM) study. The surface and
morphology of BC loaded with the drug were observed using
a scanning electron microscope (Zeiss Merlin FEG-SEM; Carl
Zeiss, Oberkochen, Germany). A small piece of the drug-loaded
BC membrane was sputter-coated with a thin layer of gold with
a sputter coater (108 Auto; Cressington, Watford, UK) before the
examination. All images were taken at an accelerating voltage of
5 kv.

Fourier transform infrared (FTIR) spectroscopy study. FTIR
was used to evaluate whether drugs loaded in BC, ibuprofen, or
propranolol hydrochloride, have a chemical bond with BC. The
KBr technique was adopted for this study. The drug-loaded BC
membrane was cut into small pieces and mixed with KBr about
1:50 sample to KBr ratio (by weight), then pressed to form
a disk using 10 tons pressing load. Samples were examined
using the FTIR spectrophotometer (Tensor 27; Bruker, Ettlin-
gen, Germany) in the wavenumber region of 4000-400 cm ™' at
a resolution of 4 cm ™.

Differential scanning calorimetry (DSC) study. The DSC
thermograms of BC loaded with the drug were determined
using a differential scanning calorimeter (DSC 6000; Perki-
nElmer, Waltham, MA, USA). A drug-loaded BC membrane of
about 3-5 mg was sealed in an aluminum pan and scanned at
a temperature range of 50-300 °C with a heating rate of

5 °C min~ ' under nitrogen flow of 20 mL min~".

© 2021 The Author(s). Published by the Royal Society of Chemistry
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X-ray diffractometry (XRD) study. XRD was used to evaluate
how crystallinity changes of the drug and BC after the drug-
loaded BC preparation. The XRD patterns of BC loaded with
the drug were measured using an X-ray diffractometer (Empy-
rean; PANalyticical, Netherlands) at the Cu Ka radiation wave-
length of 0.154 nm, generated voltage of 40 kV and filament
emission of 30 mA. Samples were scanned in the 26 range of 5-
90° with a step size of 0.026°.

Drug release study

The release behavior of BC loaded with the drug was studied in
phosphate buffer saline (PBS) pH 7.4 using in vitro dissolution
method. The membrane was cut with a cutter to a surface size of
2 cm x 2 cm and placed in a vessel of dissolution apparatus 2
(708-DS; Agilent Technologies, Santa Clara, CA, USA) containing
500 mL PBS pH 7.4. The medium was set at 37 °C and stirred at
50 rpm throughout the study. The two milliliter medium was
withdrawn with the same volume of fresh medium replaced over
5 min to 6 h. The effect of pH and ionic strength of the disso-
lution medium were also evaluated. Citrate-phosphate buffer pH
5.5 was used in comparison with PBS pH 7.4, and PBS pH 7.4 at
the ionic strength () of 0.19 and 0.33 M adjusted with NaCl were
used for evaluation of ionic strength effect. The experiment was
performed in triplicate for each type of membranes in each
condition. The drug content was analyzed using high-
performance liquid chromatography (HPLC) connected with
a diode-array detector (1290 Infinity LC System; Agilent Tech-
nologies, Santa Clara, CA, USA) and a C18 analytical column (4.6
x 100 mm, 3.5 um, Zorbax Eclipse Plus; Agilent Technologies,
Santa Clara, CA, USA) was used. The mobile phase and detection
wavelength for ibuprofen analysis were phosphate buffer pH 6.8/
acetonitrile (65 :35) and 220 nm, respectively, and those for
propranolol hydrochloride analysis were phosphate buffer pH
3.5/acetonitrile (66 : 34) and 290 nm, respectively. The analytical
methods had been optimized and validated in specificity, line-
arity and range, accuracy, precision, limit of detection (LOD), and
limit of quantitation (LOQ) according to ICH guidelines prior to
use. From the HPLC chromatogram of the sample, which corre-
sponded to the standard solution chromatogram and did not
interfere with other peaks, indicated the specificity of the
analytical method. The linearity was achieved in the application
calibration curves ranging from 0.05 to 10 ug mL ™" for ibuprofen
and from 0.1 to 10 ug mL " for propranolol hydrochloride, where
R®> > 0.999. The accuracy and precision were determined by
spiking standard solution in dissolution medium in 3 concen-
trations and 3 replicates (9 determinations), and found that the
analytical methods were accurate and precise, where the recovery
between 97 and 103% and RSD within +2% for both drugs
analysis. The LOD and LOQ were calculated according to the
equation LOD = 3.3 x ¢/S and LOQ = 10 x ¢/S, where ¢ is the
standard deviation of the response and S is the slope of the
calibration curve. The LOD and LOQ for ibuprofen analysis were
0.014 pg mL™' and 0.045 pg mL~', respectively, and for
propranolol hydrochloride were 0.030 pg mL™" and 0.091 ug
mL ™", respectively. Details of the analytical method validation
results are shown in the ESI (S3 and S4).t
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The release kinetics were analyzed using four release kinetic
models including zero-order, first-order, Higuchi, and Kors-
meyer-Peppas models. The equations of these models are as
follows:**

Zero-order kinetics: F, = Kyt (3)

where F, is the fraction of drug released in time ¢ and K, is the
zero-order release constant.

First-order kinetics: In(1 — F) = — K¢ (4)

where F is the fraction of drug released in time ¢ and K; is the
first-order release constant.

Higuchi model: F = K" (5)

where F is the fraction of drug released in time ¢ and Ky is the
Higuchi release constant.

Korsmeyer—Peppas model: F = K" (6)

where F is the fraction of drug dissolved in time ¢, K is the
release rate constant and 7 is the release exponent, indicating
the drug release mechanism. The release data at <60% were
used for this model.

The release data were plotted according to each release
kinetic equation and the release kinetics correlation coefficient
(RZ), release rate constant (K, K, and Ky) and n were reported.

Statistical analysis

Data are presented as mean + standard deviation (SD). One-way
ANOVA was used to assess differences. A p-value of less than
0.05 was considered statistically significant. Linear regression
was used to assess the correlation between swelling and drug
release, as well as to study the release kinetics.

Results and discussion
Preparation of BC loaded with drug

Both ibuprofen and propranolol hydrochloride, which are
representative of low and highly soluble drugs, respectively,
could be successfully loaded in the BC by immersion and
solvent evaporation technique. BC exhibits amphiphilic prop-
erties that have both hydrophilic and hydrophobic properties,*
resulting in binding to both low and highly soluble drugs. The
different drying methods used in this study - air drying and
freeze-drying - resulted in membranes with different physical
characteristics. Fig. 1 shows a representation of the physical
appearances of BC loaded with the drug and dried by air drying
compared with freeze-drying methods. By using an air-drying
method, the obtained membrane was relatively thin, paper-
like (Fig. 1A) with a thickness of about 0.3 mm measured by
Vernier caliper. While using a freeze-drying method, the ob-
tained membrane was flossy, resembling a foam pad (Fig. 1B)
with the thickness was about 0.5 cm and could be collapsed
with finger force. The weight of the dried membranes prepared
by air-drying and freeze-drying methods were not different. It

RSC Adv, 2021, 1, 37354-37365 | 37357
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Surface dimensions: 2 cm x 2 cm

Fig. 1 Representative of the physical appearances of BC loaded with
a drug which dried by (A) air drying and (B) freeze-drying methods.

was about 0.3 g for the original dried membrane with a surface
size of 6 cm x 6 cm and when cut into a surface size of 2 cm X
2 cm, the weight of each piece was about 0.03 g. The thickness
and weight of individual type of membranes are shown in Table
2. The thickness and weight were not different between un-
loaded and drug-loaded membranes. This would be due to
very small amount of drug was loaded into membrane
compared to the mass of cellulose, and would be below the
sensitivity of the instruments to detect. From the same weight
but different thickness of air-dried and freeze-dried
membranes, it was implied that the density of these two type
of membranes was different. The calculated densities of the air-
dried and freeze-dried membranes were approximately 0.2 g
mL~" and 0.016 ¢ mL ™", respectively, which differed approxi-
mately 13 times. The freeze-drying membrane had lower density
because it had highly porous structure. Solvent evaporation
during air drying induced capillary pressure of the solvent
meniscus, exerted a compression force in the pores of the
membrane, resulting in modifications to the structure, density,
and porosity of the BC membrane.*” In a freeze-drying process,
free water was frozen into ice crystals which were sublimated
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and eventually represented pores in the BC membrane. The
freeze-drying method made the fibrils of BC more resistant to
compactness during drying and finally obtaining a more spongy
structure.*** Loading of different drugs (ibuprofen or
propranolol hydrochloride) when using the same drying
method resulted in no difference in physical appearance. Using
different drug concentrations also did not affect physical
appearance.

Swelling

From the swelling study, the results are shown in Table 2 and
Fig. 2. It was found that the swelling ability between air-dried
and freeze-dried membranes was enormously different. For
the air-dried BC membrane after being immersed in the
aqueous medium, the swelling ratio changed from 0 to about
100% within 15 min and saturation point was reached after
30 min and 2 h in the buffer pH 5.5 and pH 7.4, respectively. The
swelling ratio at the saturation point was about 110% and 120%
in buffer pH 5.5 and pH 7.4, respectively (Fig. 2A). The swelling
ratio of air-dried BC membrane was at the same level as the
report of Adepu and Khandelwal.*® The swelling of air-dried BC
membrane after saturation point was found to be pH-
dependent. In buffer pH 5.5 the swelling of BC after satura-
tion was significantly lower (p < 0.05) than in buffer pH 7.4. This
was due to the characteristics of cellulose causing swelling in an
acidic medium (pH < 5) lower than in alkali medium (pH > 7).¢
For freeze-drying BC membrane, its swelling ratio was much
higher than that of air-dried BC membrane; it was more than
1000%. The swelling ratio increased rapidly during the first
15 min and gradually increased thereafter throughout the 6 h.
There was no difference in swelling ratio in pH 7.4 and pH 5.5
buffers during the 6 h study period. At 24 h, swelling ratio in pH
7.4 buffer seemed to be higher than in pH 5.5 buffer (Table 2),
however, they were not statistically significantly different (p >
0.05). The difference in swelling at pH 5.5 and 7.4 of the freeze-
dried BC membrane might not be apparent because the
swelling during the study time did not reach the saturation
point. The effect of drug loading on BC swelling was also eval-
uated and results are shown in Fig. 2B and C. The maximum
drug loading used in this study had no effect on BC swelling
being dried in different methods or in different pH media. BC
swelling behavior may influence drug release behavior.”® The

Table2 Thickness, weight and swelling ratio at 6 h and 24 h of different membranes with a surface size of 2 cm x 2 cm. Results shown are mean

and SD are in the bracket, n = 3

Swelling ratio at 6 h (%)

Swelling ratio at 24 h (%)

Type of membrane Thickness (mm) Weight (g) pH 7.4 pH 5.5 pH 7.4 pH 5.5

BC-AD 0.34 (0.04) 0.028 (0.002)  118.74 (4.08) 109.87 (7.79) 122.76 (3.82) 110.53 (5.87)
BC-FD 4.97 (0.18) 0.028 (0.002) 3579.63 (456.00) 3727.19 (400.01) 4280.53 (408.30) 4028.18 (317.85)
BC-I3-AD 0.35 (0.02) 0.028 (0.002)  120.37 (2.64) 111.49 (4.77) 121.46 (2.45) 112.99 (3.25)
BC-I3-FD 5.09 (0.12) 0.029 (0.001)  3426.59 (126.47)  3544.48 (250.93)  4117.79 (100.63)  3887.27 (154.24)
BC-P3-AD 0.34 (0.01) 0.029 (0.002)  117.89 (6.05) 109.60 (5.85) 118.98 (6.59) 111.09 (4.76)
BC-P3-FD 4.99 (0.03) 0.029 (0.002) 3414.56 (371.29) 3536.32 (125.83) 4100.10 (383.26) 3885.84 (141.15)
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relationship between BC swelling and drug release will be dis-
cussed in the drug release section.

Drug loading

From the drug loading study, the results are shown in Fig. 3.
The amount of drug-loaded in the BC increased when the drug
loading concentration increased for both two types of drugs.
However, at the same concentration, the amount of drug-loaded
was different between these two drugs. At low concentration,
the amount of ibuprofen loaded was higher than that of
propranolol hydrochloride (p < 0.05). It could be observed
clearly at the lowest concentration, 0.05 mg mL ™", the amount
of ibuprofen loaded was about 2 times higher than that of
propranolol hydrochloride. This could be explained by the ‘like
dissolves like rule’* as that propranolol hydrochloride, a highly
soluble drug, is more likely to dissolve in a drug solution, which
is an aqueous solution, than to diffuse into BC which is natu-
rally amphiphilic.**

When the drug concentration increased, the amount of drug-
loaded for both two drugs increased. This positive correlation
between drug loading concentration and the drug-loaded
amount was commonly observed in drug-loaded BC prepara-
tions.***® At higher concentrations, the drug molecules could be
more driven from drug solution to BC compared with at lower
concentrations. However, when drug concentration increased,
the amount of ibuprofen loaded was increased less than that of
propranolol hydrochloride. It was found that at the middle
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Fig. 2 Swelling ratio of (A) blank BC dried by air-drying and freeze-
drying methods in pH 7.4 and pH 5.5 buffers, and ibuprofen-loaded BC
at the highest drug loading which dried by (B) air-drying method and
(C) freeze-drying method in pH 7.4 and pH 5.5 buffers. Results shown
are mean £ SD, n = 3.
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studied concentration, 0.1 mg mL ™", the amount of drug-loaded
for ibuprofen and propranolol hydrochloride was at a relatively
similar level, but at the highest concentration, 0.5 mg mL ", the
amount of propranolol hydrochloride loaded was about 2 times
higher than that of ibuprofen (p < 0.05). This might be explained
by the binding capacity of BC. The binding capacity of BC would
be related to the physicochemical properties of BC and drug
molecules. Since BC is composed of glucose units, therefore, it
is relatively polar and could be well absorbed for polar drug
molecules.* Since propranolol hydrochloride molecule has
a higher polar surface area (41.5 A%) than ibuprofen (37.3 A?),
therefore propranolol hydrochloride molecules could be more
entrapped in the BC compared with ibuprofen molecules.

For entrapment efficiency (EE), the trend of EE from low to
high drug loading concentration compared between ibuprofen
and propranolol hydrochloride was different; the trend for
ibuprofen decreased, while for propranolol hydrochloride
increased. The result implied that the amount of drug loading
tended to be more dependent on the drug-BC like than to the
drug-medium like when high drug loading is required. These
results were consistent with the results of Badshah et al., 2017.
It was seen that the percentage drug binding of highly soluble
drug with BC increased with increasing immersion time while
low soluble drug showed the opposite direction." Further-
more, the results showed that the amount of drug loading and
EE trends of each drug were similar from different drying
methods. It could be indicated that the drying method did not
affect the amount of drug loading and EE. Although the
density and fiber entanglement of the BC membrane play an
important role in the drug holding capacity,* this was not
observed in this study as the drug was loaded in the membrane
prior to drying. Different morphological features appear after
the drug loading process, which was not related to drug
loading capacity.

o«
=]
EE (%)

Amount of drug loaded (mg)
O = N WA UL
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Fig. 3 Amount of drug-loaded in BC size 6 cm x 6 cm (mg) and EE (%)
using different drug loading concentrations and drying methods; (A)
and (B) are for ibuprofen and (C) and (D) are for propranolol hydro-
chloride using air-drying and freeze-drying methods, respectively.
Results shown are mean + SD, n = 3.
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Characterization of BC loaded with drug

SEM. From SEM images (Fig. 4), it had been revealed that BC
consisted of networked nanofibrils. There were no additional
particles on the drug-loaded BC membrane, indicating that the
loading of drug in the BC by immersion and solvent evaporation
technique allowed the drug to simultaneously distribute into
the fibers. The morphology of pure BC dried by air-drying and
freeze-drying methods was different (Fig. 4A and B). Their
morphology corresponded to their physical appearance. The
air-drying method caused the solvent to evaporate rapidly,
resulting in a greatly reduced membrane thickness, resulting in
a noticeably greater density of fiber entanglement. On the other
hand, freeze-drying allowed the original structure and charac-
teristics of the BC to be preserved, resulting in the appearance
of the nanofibrils as a three-dimensional network structure. The
freeze-dried BC membrane was therefore highly porous with
slightly thinner fibers than the air-dried BC membrane. The
morphology of BC is an important factor affecting drug release
behavior.>*

When the BC was loaded with the drug, it could be observed
that the fibers were slightly thicker compared to the unloaded
(blank) membrane especially in the air-dried membrane
(Fig. 4C and E). According to the capillary pressure of the
solvent meniscus and compression force in the pore of the
membrane from the air-drying process, the fibers of the
membrane were collapsed to pack as a thin film.** The loaded
drug would be compressed and rearranged the position during
the drying process. Due to the confined space of the thin film,
the loaded drug would be extruded and distributed along the

—
200 nm

Fig. 4 SEM images of blank BC dried by (A) air drying and (B) freeze-
drying methods and BC loaded with ibuprofen and propranolol
hydrochloride and dried by air-drying and freeze-drying methods: (C,
D, E and F) are BC-13-AD, BC-I3-FD, BC-P3-AD, and BC-P3-FD,
respectively.
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compressed fibers, allowing thicker fibers to be observed. For
freeze-dried membrane, the drug would be distributed into the
whole three dimensions of the membrane, the thickness of the
fibers was, therefore, smaller (Fig. 4D and F).

FTIR analysis. According to the content of BC compared to
that of the drug in the drug-loaded BC was very high, the highest
amount of drug-loaded BC membrane (BC-I3- and BC-P3-AD
and FD) was used in this study, otherwise, the signal of BC
obscured all the signal of the drug. The FTIR spectra is shown in
the ESI (S5).1 The apparent FTIR peak of ibuprofen appeared at
1695 cm !, corresponding to C=0 stretching. This functional
group could be able to form hydrogen bonds with the OH group
of cellulose. If the occurrence of hydrogen bonds, a shift of
C=0 stretching frequency would be observed and a new peak
corresponding to the hydrogen bonding according to the C=0
group would also appear.*>** In this study, however, no shift of
C=0 group stretching could be observed from the membrane
loaded with ibuprofen from both air drying and freeze-drying
methods.

For BC loaded with propranolol hydrochloride, it was also
observed in the same phenomena as found in BC loaded with
ibuprofen. The major characteristic peaks of pure propranolol
show at 3280 cm ™', which are attributed to the NH stretching of
secondary amine; at 1579 cm ™', which are associated with aryl
C=C stretching; around 1030-1240 cm ™, which are associated
with the aryl O-CH, stretching; and around 771-797 cm™’,
which were assigned to alpha-substituted naphthalene.** The
shift in frequency of NH stretching would be important for
determining hydrogen bond formation,** however, the peak of
NH group stretching of propranolol hydrochloride could not be
observed in the drug-loaded BC membrane because it was
obscured by the peak of the OH group of BC. Some other
characteristic peaks and some major peaks in the fingerprint
region of pure propranolol could be still recognized at the same
wavenumber in the propranolol hydrochloride loading
membrane.

Results obtained from the FTIR studies should indicate that
no chemical interaction occurred between ibuprofen or
propranolol hydrochloride and BC from drug-loaded BC
preparation.

DSC analysis. DSC study provides thermal characteristics of
samples. The obtained data can be used to support the FTIR
result in the explanation of molecular interaction. From DSC
chromatograms (Fig. 5), pure ibuprofen and propranolol
hydrochloride showed a sharp endothermic peak at 76 and
160 °C correspondings to their melting point. Blank BC showed
a broad endothermic peak around 80-90 °C according to
dehydration.*® The freeze-dried BC might be more sensitive to
moisture, making the dehydration peak more visible. Another
endothermic peak of BC could be observed around 250-270 °C
corresponding to the degradation point.*® The BC loaded with
the drug showed an endothermic peak that correlated with the
peak of the pure drug for both ibuprofen and propranolol
hydrochloride loaded membrane but slightly shifted to a lower
temperature. The shift of the DSC peak may indicate the pres-
ence of molecular interactions or may be due to the change in
the crystalline form.*” Considered in conjunction with the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 DSC patterns of the pure drug, blank BC (BC) using two
different drying methods, and BC loaded with related drug using two
different drying methods; (A) is for ibuprofen (IBU) and (B) is for
propranolol hydrochloride (PRO).

results of FTIR, the shift of the drug peak when loaded in the
membrane as that observed in DSC was likely due to the change
in crystalline form. Since in the preparation of the drug-loaded
membrane, the drug dissolved and dried up again after being
loaded into the membrane, the crystallinity of the drug can be
therefore changed.

XRD analysis. Fig. 6 shows XRD patterns of pure drugs
(ibuprofen and propranolol hydrochloride), pure BC, and drug-
loaded BC. It was found that both ibuprofen and propranolol
hydrochloride showed numerous characteristic sharp and
intense peaks, indicating that these two pure drugs were in
crystalline form. BC showed three characteristic diffraction
peaks at 14.5, 16.6, and 22.6°. These peaks could be attributed
to the presence of both Ia and I crystal cellulose.*® Since the
intensity of the 14.5° peak is larger than that of the 16.6°, the
crystal cellulose should contain mostly Io..*” The XRD patterns
of air-dried and freeze-dried BC were similar. This implied that
the drying method did not affect the change of crystallinity of
BC. When the drug either ibuprofen or propranolol hydro-
chloride was loaded into BC, some small diffraction peaks
appeared in addition to the peak of BC. These peaks would
correspond to the peaks of the drug, however, the position of
the peaks was changed from the peaks of the pure drug. This
might be due to the change of crystalline form of the drug
according to dissolution that changes the solid-state form of
drug to liquid and reform to a solid-state again within the

PRO
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BC-FD

BC-P3-FD

Intensity
Intensity

5 15 25 35 a5 55 5 15 25 35 45 55
20(°) 20()

Fig. 6 XRD patterns of the pure drug, blank BC (BC) using two
different drying methods, and BC loaded with related drug using two
different drying methods; (A) is for ibuprofen (IBU) and (B) is for
propranolol hydrochloride (PRO).
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membrane. This process could be able to change the crystalline
form of the solid substance.*® In addition, as a result of FTIR
and DSC indicating that there was no chemical interaction
between drug and BC, it was likely another explanation that the
change of crystalline form of the drug in the membrane was due
to a drug-state transformation, not from a chemical interaction.

Drug release

From the release study, it was found that the drug-loaded BC
membranes prepared by the freeze-drying method, whether
loaded with low or highly soluble drugs, ibuprofen or
propranolol hydrochloride, released drugs slower than the
membranes prepared by the air-drying method. As shown in
Fig. 7A1 and A2, the air-dried BC membrane released the drug
very fast from the beginning to reach the plateau within 0.5 h,
while the freeze-dried BC membrane had a burst release at the
initial stage (first 15 min) and later sustained-release until
reached about 100% at the time about 4-6 h. It had been stated
that the denser structure of the drug delivery system led to
a slower and sustained release rate,'® however, the result from
this study revealed that the looser structure freeze-dried
membrane had released the drug slower than the denser
structure air-dried membrane. This might be due to the
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Fig. 7 The drug-release profiles of BC loaded with ibuprofen and
propranolol hydrochloride dried by air-drying and freeze-drying
methods when the drug loading dose was different ((A1) for ibuprofen;
(A2) for propranolol hydrochloride) in a medium with different pH ((B1)
for ibuprofen; (B2) for propranolol hydrochloride) and a medium with
different ionic strength ((C1) for ibuprofen; (C2) for propranolol
hydrochloride). Results shown are mean + SD, n = 3.
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rearrangement of drug molecules in the prepared membrane.
By the air-drying method, the solvent gradually evaporated from
the swollen membrane during the drying process, allowing the
membrane to collapse as a flat sheet. The drug molecules inside
would be therefore driven closely to each other and finally
composed as a dried state in the flat membrane especially at the
edge of the membrane surface as observed from the SEM. The
drug molecule would be therefore ready to contact the disso-
lution medium, leading to obtaining a very fast release. For
freeze-dried membranes, the three dimensions of the
membrane did not change after dried, resulting in a large
surface area.®* This might make the drug molecules bound with
BC stronger, therefore, sustain the drug release. The initial
burst release observed from the freeze-dried membrane might
be from the drug adhered to the fibrous outer surface of the
membrane, readily released upon contact with the dissolution
medium.

The results observed in this study supported the statement
that BC morphology influenced drug release behavior. The use
of different bacterial strains or culture media can lead to
different BC morphology, resulting in different physicochem-
ical properties.*>** The presence of BC in the form of sheets in
which the fibers are in a web-like structure has an advantage
over plant-derived cellulose in that it has a high water-holding
capacity.® The use of culture media leading to the production
of fibers with low thickness but high fiber density resulted in
high drug retention properties and sustained drug release
capability.* The morphology of BC could be controlled by
preparation such as using different drying methods like those
used in this study. Since the original swollen BC used in this
study had high thickness (about 1 cm), the result air-dried and
freeze-dried membranes had a large difference in thickness. It
meant that the porosity, density and three-dimensional struc-
ture within the membrane differ greatly. This would be the
reason to obtain sustained drug release from freeze-dried
membrane instead of the air-dried membrane.

The sustained release was also observed from the air-dried
membrane loaded with propranolol hydrochloride at the
lowest drug loading concentration. The sustained-release
behavior might be due to the less amount of drug-loaded,
leading to being able to control the rate of drug release.**
However, could not be observed the sustained release from the
air-dried membrane loaded with ibuprofen even at the lowest
drug loading level. This might be because the amount of
ibuprofen loaded in the membrane was about twice higher than
propranolol hydrochloride at the same low drug loading
concentrations, causing ibuprofen to be released more easily. It
might also be that the lipophilic property of ibuprofen and the
hydrophilic environment of BC led to weaker interaction
between ibuprofen and BC, resulting in fast drug release.” In
addition, ibuprofen is a weak acid with the pK, is about 4.4, it
almost fully ionized in the dissolution medium, PBS pH 7.4,
therefore, ionized ibuprofen could be released from the BC to
the dissolution medium very fast.>

The sustained release of ibuprofen from the membrane
prepared by air-drying method could be observed only when the
drug release was performed in the buffer pH 5.5 (Fig. 7B1). This
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might be due to the ionization of the weak acid ibuprofen being
reduced when in the acidic dissolution medium compared to in
the alkaline medium. The release rate of ibuprofen in an acidic
medium was then slower than in an alkaline medium.

Reports were stating that the ionic strength could affect the
BC swelling by decreasing the osmotic pressure of the medium,
resulting in decreased swelling, then would affect the release
behavior of drug from BC.**** In this study, the effect of ionic
strength was tested only with a freeze-dried membrane loaded
with a drug. It was observed that no change in drug release
when the ionic strength of the dissolution medium was
changed between 0.19 M and 0.33 M (Fig. 7C). This might be
explained that the freeze-dried membranes were already fully
swelled according to their preparation process, the swell would
not be therefore affected by the ionic strength.

In addition, correlation between swelling and drug release
was investigated using a linear regression method. Fig. 8 shows
linear fitting between those two parameters of BC membranes
loaded with the same drug in the same amount but different in
drying method (BC-I3-AD and BC-I3-FD). It was found that the
correlation coefficient of freeze-dried membrane (R*> = 0.9968)
was higher than that of air-dried membrane (R* = 0.8392),
indicating that swelling was associated with drug release of the
freeze-dried membrane than with the air-dried membrane. This
result was consistent with the study by Adepu and Khan-
delwal.*® The presence of a wide swelling range of the freeze-
dried membrane could influence in a high correlation
between swelling and drug release. As could be observed in the
Fig. 8B, the release of the drug is gradually increasing, accom-
panied by swelling of the membrane. On the other hand,
because the air-dried membrane had a narrow range of
swelling, occurred rapidly and was almost complete in a short
time, swelling was less effective at controlling drug release.

From the release kinetics analysis (Table 3), it was found that
the air-dried BC membrane loaded with ibuprofen tended to
release the drug following first-order kinetics rather than zero-
order kinetics. This means that the rate of drug release is
dependent on the amount of drug-loaded within the
membrane.*

For freeze-dried BC membrane loaded with ibuprofen, the
release of the drug seemed to follow the Higuchi and Kors-
meyer-Peppas models. This indicated that the drug release was
controlled by diffusion.*® In addition, study of the correlation
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Fig. 8 Linear fitting between swelling and cumulative drug release of
(A) BC-13-AD and (B) BC-13-FD in PBS pH 7.4.
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Table 3 Release kinetics correlation coefficient (R?) and release rate constant from the use of zero-order, first-order, Higuchi, and Korsmeyer—
Peppas models of BC loaded with ibuprofen and propranolol hydrochloride dried by different drying methods. Results shown are mean and SD

are in the bracket, n = 3

Zero-order First-order Higuchi Korsmeyer-Peppas
Type of
membrane R’ Ko (ngh™) R Ky (h™) R Ky (h™'?) R n
BC-I1-AD  0.896 (0.010)  199.240 (12.420)  0.998 (0.014)  6.515 (0.382)  0.937 (0.020)  161.950 (2.984)  0.957 (0.028)  0.391 (0.022)
BC-I2-AD  0.870 (0.015) 175.027 (14.362) 0.918 (0.022) 5.662 (0.244) 0.916 (0.013) 146.261 (19.980) 0.948 (0.026)  0.336 (0.053)
BC-I3-AD  0.845 (0.002) 170.675 (17.890)  0.931 (0.023)  4.913 (0.101)  0.895 (0.001) 137.810 (16.712)  0.928 (0.001)  0.340 (0.063)
BC-I1-FD?  0.969 (0.010)  152.570 (14.366)  0.986 (0.010)  1.278 (0.054)  0.989 (0.018)  120.930 (19.049)  0.992 (0.003)  0.509 (0.064)
BCI1-FD®  0.977 (0.027)  4.506 (0.933) 0.977 (0.031)  0.158 (0.033)  0.990 (0.005)  15.734 (1.040) — —
BC-I2-FD®  0.965 (0.001) 118.923 (17.228)  0.985 (0.004)  0.971 (0.290)  0.979 (0.001)  92.529 (11.152)  0.976 (0.001)  0.489 (0.060)
BC-I2-FD®  0.922 (0.054)  5.096 (0.614) 0.965 (0.022)  0.353 (0.020)  0.964 (0.002) 18.135 (0.488) — —
BC-I3-FD®  0.949 (0.034) 149.850 (14.351)  0.968 (0.039) 1.182 (0.052) 0.974 (0.053) 119.230 (18.567) 0.979 (0.026)  0.578 (0.019)
BC-I3-FD®  0.932 (0.023)  4.644 (0.511) 0.986 (0.013)  0.332 (0.016)  0.976 (0.025)  16.463 (0.753) — —
BC-P1-AD  0.944 (0.034) 140.800 (9.261)  0.945 (0.019)  0.976 (0.048) 0.948 (0.002) 110.958 (7.906)  0.953 (0.005)  0.411 (0.037)
BC-P2-AD  0.956 (0.026) 169.130 (11.218)  0.994 (0.012)  2.708 (0.210)  0.982 (0.002)  134.430 (10.243)  0.989 (0.025)  0.373 (0.043)
BC-P3-AD  0.945 (0.036) 121.256 (12.970) 0.992 (0.012) 3.019 (0.755) 0.973 (0.025) 96.641 (14.836)  0.985 (0.017)  0.237 (0.037)
BC-P1-FD®  0.998 (0.001) 137.720 (14.478) 0.982 (0.001) 1.012 (0.045) 0.999 (0.011) 108.121 (16.996)  0.999 (0.001)  0.590 (0.035)
BC-P1-FD®  0.820 (0.045)  6.257 (0.704) 0.876 (0.035)  0.274 (0.021)  0.882 (0.004)  22.584 (0.844) — —
BC-P2-FD®  0.986 (0.002) 125.950 (9.912)  0.971 (0.004)  1.003 (0.056) 0.962 (0.010) 97.623 (5.352) 0.961 (0.003)  0.428 (0.026)
BC-P2-FD”  0.912 (0.010)  6.393 (0.354) 0.863 (0.026)  0.085 (0.026)  0.831 (0.002) 21.276 (0.516) — —
BC-P3-FD°  0.970 (0.004)  86.000 (2.385) 0.980 (0.007)  0.704 (0.027)  0.990 (0.001)  68.159 (7.663) 0.996 (0.001)  0.290 (0.029)
BC-P3-FD’  0.965 (0.023)  6.115 (0.534) 0.985 (0.021)  0.219 (0.039)  0.976 (0.031) 21.374 (1.441) — —

“ 1s for the first 15 min. ? Is for 30 min to 6 h.

between swelling and drug release revealed that swelling was
also involved in the drug release mechanism for freeze-dried BC
membranes. It seemed to have greater diffusion and swelling-
controlled at low drug loading concentration (R> = 0.99) than
at high drug loading concentration (R*> = 0.97). The release of
drug from BC occurs when the amount of drug exceeds the
solubility in the BC and surrounding fluid as Higuchi
explained.>”*® Since the n value of the Korsmeyer-Peppas model
was about 0.5, it was implied that the diffusion of the drug from
the freeze-dried membrane was considered as Fickian diffusion;
the drug diffused was gradual and steady.>® At the initial stage
(first 15 min) of drug release, since the difference of drug
concentration in the membrane and surrounding fluid was
high, the diffusion of the drug was rather fast, then sustained
release at the following time.

For air-dried BC membrane loaded with propranolol hydro-
chloride, it tended to release the drug following the first-order
kinetics. The release mechanism was similar to ibuprofen
loaded, but the release rate constant (K;) was lower. The value of
K; was increased by drug loading concentration, while for
ibuprofen loaded, it was rather constant. These results were
correlated with the release profiles as shown in Fig. 7.

For freeze-dried BC membrane loaded with propranolol
hydrochloride, the release mechanism of the drug at low drug
loading concentration tended to approach the zero-order
kinetics (R> > 0.99) as well as Higuchi and Korsmeyer-Peppas
models. At low drug-loaded amounts, the BC would be more
controllable of the rate of drug release due to the occurrence of
high binding efficacy between drug and BC,***>** then the drug
gradually released independence with concentration. However,
the release mechanism of drug at higher concentrations tended

© 2021 The Author(s). Published by the Royal Society of Chemistry

to follow the Higuchi and Korsmeyer-Peppas models rather
than zero-order kinetics, indicating that the release of drug was
diffusion controlled.*®

The release of drug from freeze-dried BC membrane in the
latter period, whether loaded with ibuprofen or propranolol
hydrochloride, was still more following the Higuchi model than
the zero-order or first-order models. However, the release rate
constant (Ky) was about 3-4 times decreased compared with
that at the initial stage. This result could be assumed that the
drug loaded BC prepared by freeze-drying method would release
the drug by diffusion and swelling control.

Conclusions

This research provided a comprehensive study on the drug
release behavior of BC loaded with low or highly soluble drugs.
Ibuprofen and propranolol hydrochloride were used as model
drugs for low and highly soluble drugs, respectively. Effects of
drug loading concentration and drying method used for the
drug-loaded BC preparation on characteristics and release
behavior of the prepared drug-loaded BC were investigated. It
was found that the drug loading concentration significantly
affected the amount of drug loaded in the BC for both types of
drugs; the amount of drug-loaded increased with increasing
drug loading concentration. At low drug loading concentration,
the amount of low soluble drug (ibuprofen) was loaded in the
BC higher than that of the highly soluble drug but this trend of
the result was opposite at high drug loading concentration.
Entrapment efficiency (amount of drug in the BC to amount of
drug in immersing solution at initial ratio) of low soluble drug
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tended to decrease but that of highly soluble drug tended to
increase with drug loading concentration.

From the drug release study, it was found that the drying
method in the preparation of BC loaded with drug influenced
BC morphology and swelling played an important role in
determining the drug release behavior. By the freeze-drying
method, BC loaded with both types of drugs at all drug
loading concentrations showed the same drug release behavior
that was a sustained release whose release mechanism followed
the Higuchi and Korsmeyer-Peppas models. However, the
release behavior of drug-loaded BC prepared by the air-drying
method was found to be different from that of drug-loaded
BC prepared by using freeze-drying method. The immediate
release was obtained from both types of drugs at every drug
loading concentration except propranolol hydrochloride at the
lowest drug loading concentration in which its release behavior
was a sustained release. The release mechanism of drug-loaded
BC prepared by air-drying method tended to follow first-order
kinetics.

Overall conclusion, BC, as a single excipient, can provide
immediate or sustained drug release depending on the type of
drug used, drug loading concentration, and drying method. The
application of BC in drug delivery requires consideration of
relevant factors. For example, if a sustained release of highly
soluble drugs is desired, the drug-loaded BC should be prepared
using the freeze-drying method, however, if the air-drying
method is to be used, the drug must be loaded at a low
concentration.
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