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Gossypol (Gos) is a natural polyphenolic compound that has shown a number of valuable biological prop-
erties such as antifertility, antioxidation, and antitumor activities. However, the clinical application of
Gos has been hindered by its notable adverse effects such as hypokalemia, hemolytic anemia, and so
on. Using sustained-release dosage form provides a hopeful solution to this problem. In this study, a gas-
tric floating tablet for sustained-release of Gos (Gos-GFT) was developed using polyvinylpyrrolidone,
hydroxypropyl methyl cellulose, ethyl cellulose, lactose, sodium bicarbonate, and magnesium stearate.
Gos-GFT had an average weight of around 200 mg with a drug content percentage of around 13.66%.
The physicochemical properties of Gos-GFT satisfied the pharmacopoeial requirements for tablets. Gos-
GFT was able to float in an acidic medium and had a sustained drug release for over 12 h. In vivo studies
showed that the relative bioavailability of Gos-GFT, as compared with Gos powders, was larger than that
of a non-gastric floating tablet which was a dosage form used for comparison with Gos-GFT. Furthermore,
compared with the Gos powders and the non-gastric floating Gos tablets, Gos-GFT could prolong the
in vivo action time of Gos, and significantly relieve hypokalemia which is a major adverse effect of
Gos. These properties made Gos-GFT a promising Gos preparation that warrants further investigation
for more extensive clinical applications of this natural compound.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Gossypol (Gos) is a natural polyphenolic compound mainly
extracted from cotton plants (Wang et al., 2019). It has been
reported to have significant pharmacological properties, such as
antioxidant, antitumor, antivirus, and antimicrobial properties
(Keshmiri-Neghab and Goliaei, 2014). It was also found to inhibit
the production and movement of sperms in males, thus it has been
developed as a contraceptive for men. Despite its valuable biolog-
ical properties, the clinical application of Gos has encountered con-
siderable problems caused by its adverse effects. A major adverse
effect of this drug was hypokalemia (i.e. an abnormally low potas-
sium level in blood) which was related to the impacts of Gos on
renal tubules (Liu and Lyle, 1987; Kumar et al., 1997). Other
adverse effects of Gos included hemolytic anemia, dysgeusia, and
diarrhea, etc (Van Poznak et al., 2001; Zbidah et al., 2012). To avoid
or reduce these adverse effects, a possible approach is choosing
low drug doses. For example, in some previous studies, low doses
of Gos for male contraception were investigated to avoid the
adverse effects (Gu et al., 2000; Yang et al., 2004; Chang et al.,
2011). However, reduced drug doses could also lead to compro-
mised drug efficacy. That is why the combined administration of
Gos with some other contraceptive drugs such as steroid hormones
was often required to obtain effective contraception (Yang et al.,
2004; Chang et al., 2011).

It should be noted that, for the treatment of Gos in the previous
studies, the experimental animals were mostly administered with
pure Gos powder, and the human patients were treated with plain
Gos tablets (Kumar et al., 1997; Gu et al., 2000; Van Poznak et al.,
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2001; Yang et al., 2004; Chang et al., 2011). Probably due to the
lack of diversity in the dosage form, so far there were very few
studies that have focused on the influences of dosage form on
the changes (or the extent of fluctuation) in the plasma Gos con-
centration (Wang et al., 2018; Wen et al., 2018). Since neither
the Gos powders nor the plain Gos tablets had controlled drug
release, in our pilot studies considerable fluctuations of plasma
drug concentration could be observed after drug administration.
At higher Gos doses, such fluctuations may lead to long-term toxic
drug concentration that consequently causes severe adverse
effects. At reduced drug doses, a large fluctuation in plasma drug
concentration may not lead to toxic drug concentration or keep
toxic drug concentration for too long, but the time when the drug
concentration is within the therapeutic window would also be
shortened, resulting in compromised drug efficacy.

In order to solve the above conflict, a potential way is using
controlled-release dosage forms to reduce the fluctuation in
plasma drug concentration and to maintain the plasma drug level
within the therapeutic window for a longer time. In an early study,
Gos was incorporated into layer-by-layer (LBL) polyethylene glycol
films for subcutaneous implantation (Wen et al., 2018). The LBL
films had a zero-order release of Gos, which led to a minimized
fluctuation in the plasma drug concentration and reduced side
effects in the rats, indicating that controlled-release dosage form
is promising for the development of Gos preparations. In our recent
studies, a gastric floating tablet for sustained-release of dihy-
dromyricetin, an anti-inflammatory natural compound, was inves-
tigated (Liu et al., 2019b). Typically, gastric floating preparations
utilize the action of gastric juice to form gels and expand their vol-
ume, so that their densities become lower than the gastric contents
(Anurag et al., 2017). Based on this, gastric floating preparations
can float and have a sustained drug release in the stomach for a
longer time, which may result in better control of the fluctuation
in plasma drug concentration. Moreover, since the drug is released
mostly in the upper gastrointestinal tract, the absorption of the
drug can be maximized, thereby improving the drug bioavailability
(Singh and Kim, 2000). So far, various gastric floating dosage forms,
such as gastric floating tablets, microspheres, granules, and pills,
have been investigated for the pharmaceutical development of dif-
ferent kinds of drugs (Pahwa et al., 2013; Namdev and Jain, 2019).
Our previous study demonstrated that the gastric floating tablet
could improve the bioavailability and drug efficacy of dihy-
dromyricetin in vivo. These findings suggested that gastric floating
dosage forms have a great potential to develop as suitable pharma-
ceutical preparations for oral administration of Gos.

In this study, a gastric floating sustained-release tablet for Gos
(Gos-GFT) was prepared via direct powder compression. The prop-
erties of Gos-GFT, such as the weight, diameter, thickness, drug
content, hardness, friability, and floating ability, were investigated.
Moreover, the pharmacokinetics and the effects of Gos-GFT on the
plasma K+ level were studied in rabbits.
Fig. 1. Schematic illustration for the preparation of Gos-GFT.
2. Materials and methods

2.1. Materials and animals

Gossypol (2,20-bis-(formyl-1,6,7-trihydroxy-5-isopropyl-3-met
hylnaphthalene), Gos, molecular weight 518 Da, yellow powder,
purity > 98%), lactose, sodium bicarbonate (NaHCO3), ethyl cellu-
lose (EC, viscosity 10 cP), starch (300 K Da on average), gly-
cyrrhetinic acid (reference standard, purity > 98%), and sodium
dodecyl sulfate (SDS) were supplied by Shanghai Aladdin Bio-
Chem Technology Co., Ltd (Aladdin�, China). Polyvinylpyrrolidone
(PVP) K30, hydroxypropyl methyl cellulose (HPMC) K4M, and mag-
nesium stearate (Mg stearate) were supplied by MilliporeSigma
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Corporation (Sigma-Aldrich�, USA). The reagents above were used
without further purification. New Zealand rabbits (2.1–2.3 kg,
male) were supplied by the Laboratory Animal Center of Southwest
Medical University.

2.2. Preparation of Gos-GFTs

Gos-GFTs were prepared via direct powder compression as
described elsewhere (Liu et al., 2019b). For this purpose, Gos, lac-
tose, EC, NaHCO3, Mg stearate, PVP, and HPMC (with the input
weight ratios of 1:0.6:0.4:1.4:0.064–0.074:1.2–1.6:1.8–2.4) were
ground together in a marble mortar to form a uniform mixture.
Then 200 mg of the mixture was transferred into a ZP-12 tablet
machine (Degong Machinery Equipment Co., Ltd, China) with a
flat-faced round punch (8 mm in diameter), and was made into a
tablet with the weight of around 200 mg and a diameter of around
8 mm (Fig. 1). For each batch, 40 tablets were prepared. The input
amounts of PVP and HPMC were optimized according to the drug
release rate and floating ability. The input weight ratios of the
excipients to Gos in different formulations of Gos-GFTs were as
listed in Table 1. The input amount of Mg stearate (the lubricant)
in each formulation was about 1% of the total amount. To prepare
a non-gastric floating tablet (i.e. plain Gos tablet) for comparative
studies, Gos, lactose, EC, Mg stearate, PVP, and starch (with the
input weight ratios of 1:0.6:0.4:0.072:1.4:3.8) were ground
together in a marble mortar to form a uniform mixture. Then
200 mg of the mixture was made into a tablet similarly as
described above.

2.3. Characterization of Gos-GFTs

To study the weight and the weight variation of the optimized
Gos-GFTs, twenty randomly selected tablets were weighed individ-
ually (Kaleemullah et al., 2017). Then the weight of each tablet (wi)
was compared with the average value (M) of the twenty tablets,
and the weight variation was calculated according to the formula:
weight variation (%) = |(M – wi)/M| � 100%.

To investigate the drug content percentage of the optimized
Gos-GFTs, ten randomly selected tablets were weighed together
and ground thoroughly to form a fine powder (Kesarla et al.,
2015). Then 50 mg of the powder was weighed and extracted in
200 mL acetonitrile, followed by filtration using a 0.22 lm cellu-
lose acetate membrane. The drug concentration of the extraction
solution was determined via high-performance liquid chromatog-
raphy (HPLC) on a 1260 Infinity Ⅱ HPLC system (Agilent Technolo-
gies, Inc., USA) with a G7129A automatic sampler and a G7114A
variable wavelength detector (Liu et al., 2019b). For each measure-
ment, 20 lL of the sample was separated on a C18 column
(reversed-phase, 5 lm particle size, 4.6 � 250 mm). The tempera-
ture of the column was kept at 26 ℃. The mobile phase
[acetonitrile-0.9% formic acid solution (77:23, v/v)] was kept at a



Table 1
The input weight ratios of the excipients to Gos in different formulations of Gos-GFTs.

Formulation number Gos Lactose EC NaHCO3 Mg stearate PVP HPMC Theoretical drug content (%)

#1 1 0.6 0.4 1.4 0.064 1.2 1.8 15.47
#2 1 0.6 0.4 1.4 0.067 1.2 2.1 14.78
#3 1 0.6 0.4 1.4 0.07 1.2 2.4 14.14
#4 1 0.6 0.4 1.4 0.066 1.4 1.8 15.00
#5 1 0.6 0.4 1.4 0.069 1.4 2.1 14.35
#6 1 0.6 0.4 1.4 0.072 1.4 2.4 13.75
#7 1 0.6 0.4 1.4 0.068 1.6 1.8 14.56
#8 1 0.6 0.4 1.4 0.071 1.6 2.1 13.95
#9 1 0.6 0.4 1.4 0.074 1.6 2.4 13.38
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flow rate of 0.8 mL/min. The separated samples were detected at
the wavelength of 254 nm. The experiment for drug content per-
centage was done in triplicate. To investigate the drug content
per tablet, one randomly selected tablet was weighed and ground
thoroughly to form a fine powder. Then all the powder was
extracted in 800 mL acetonitrile, followed by filtration using a
0.22 lm cellulose acetate membrane. The drug concentration of
the extraction solution was determined via HPLC as described
above. The average drug content per tablet was calculated based
on the results of ten randomly selected tablets.

For the diameter and thickness of the optimized Gos-GFTs, ten
randomly selected tablets were measured separately using a ver-
nier caliper. To study the hardness of Gos-GFTs, ten randomly
selected tablets were tested separately on a YD-3 hardness tester
(Jingtuo Instrument Co., Ltd, China). The friability of Gos-GFTs
was investigated using a CS-4 friability tester (Beijing Jinshisu
Instrument Co., Ltd, China), which was conducted according to
the pharmacopoeial requirements (Chinese Pharmacopoeia
Commission, 2020). Briefly, thirty-three tablets were randomly
selected and weighed. The tablets were then rolled together
(25 rpm � 4 min) in the testing drum of the friability tester, fol-
lowed by de-dusting using nitrogen flow and weighing again. The
friability was calculated as the weight loss percentage of the
tablets. The friability experiment was done in triplicate.

To investigate the floating ability of Gos-GFTs, one tablet was
put into 900 mL hydrochloric acid solution (0.1 N, pH 1.2) (Gong
et al., 2018a). The solution was stirred (100 rpm) at 37 ℃. Then
the floating lag time and the floating duration of the tablet were
recorded. The floating lag time is defined as the time needed to rise
to the surface of the solution. The floating duration is defined as the
duration for the tablet to keep buoyant. For the study of floating
ability, five randomly selected tablets were tested individually.

2.4. In vitro drug release

To study the drug release of Gos-GFTs, one tablet was put into
900 mL hydrochloric acid solution (0.1 N, pH 1.2) that contained
5% (w/v) SDS for sink condition (Zeng et al., 2009; Gong et al.,
2018a). The solution was stirred (100 rpm) at 37 ℃. At different
time points, 1 mL solution was withdrawn for analysis, and the
same amount of fresh hydrochloric acid solution was replenished.
The withdrawn solution was added with 2 mL chloroform and was
vortexed for 10 min, followed by centrifugation at 8000 rpm for
10 min. Then 1.6 mL of the clear chloroform layer was withdrawn
and was evaporated to dryness using nitrogen flow. The extraction
recovery of Gos from the release medium was about 92%. The dry
residue was re-dissolved in 0.8 mL acetonitrile, followed by filtra-
tion through a 0.22 lm cellulose acetate membrane. The drug con-
centration of the acetonitrile solution was then determined via
HPLC as described above. For the study of drug release, three ran-
domly selected tablets were tested individually. The drug release of
the plain Gos tablet (as a non-gastric floating tablet for compara-
tive studies) was similarly investigated.
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In order to investigate the release mechanism of Gos-GFTs, the
Korsmeyer-Peppas and Kopcha release models were adopted
(Acharya et al., 2014; Kesarla et al., 2015; Asadian-Ardakani
et al., 2016). In the Korsmeyer-Peppas model, the drug release frac-
tion (Mt/M1) at time point ‘‘t” is fitted using the equation: Mt/M1
=ktn, in which ‘‘k” is the release rate constant and the ‘‘n” value
indicates the release mechanism (Liu et al., 2019b). In the Kopcha
model, the amount of drug released (Mt) at time point ‘‘t” is fitted
using the equation: Mt/t = a/t1/2 + b. The ‘‘a” value and the ‘‘b”
value indicate the relative contributions of diffusion and erosion,
respectively.

2.5. Swelling and erosion of Gos-GFTs

The swelling and erosion profiles of the optimized Gos-GFTs
were studied as follows (Gong et al., 2018a). One tablet was
weighed, and its initial weight was marked as ‘‘w1”. Then the tablet
was put into 900 mL hydrochloric acid solution (0.1 N, pH 1.2). The
solution was stirred (100 rpm) at 37 ℃. After the predetermined
time, the tablet was withdrawn and placed on a piece of filter
paper to take away the liquid on the surface, followed by weighing
again to obtain its wet weight (w2). Then the tablet was dried at 55
℃ in a vacuum oven until its weight did not change anymore. The
dry weight of the tablet was marked as ‘‘w3”. The swelling and ero-
sion degrees of the tablet were determined according to the formu-
lae (Liu et al., 2019b): swelling percentage = (w2 – w1)/w1 � 100%;
erosion percentage = (w1 – w3)/w1 � 100%.

2.6. Pharmacokinetic studies

The animal studies have been approved by the Ethics Commit-
tee of Southwest Medical University (approval No.20180391213).
For the pharmacokinetic study of the optimized Gos-GFTs, the
male rabbits (2.1–2.3 kg) were randomly allocated into three
groups, six rabbits in each. The animals were treated with Gos-
GFTs, plain Gos tablets, or Gos drug powder via oral administration,
at the dose of 12.5 mg Gos/kg. At different time points post-
administration, a blood sample (about 1.5 mL) of each rabbit was
collected via the cardiac apex, followed by centrifugation
(5000 rpm � 10 min) to obtain the plasma (Huang et al., 2016).
To determine the concentration of Gos, 450 lL of the plasma was
added with 50 lL glycyrrhetinic acid solution (16 lg/mL, dissolved
in methanol) as the internal standard, and was vortexed for 5 min
to mix. Then 500 mL acetonitrile was added to the mixture which
was vortexed for another 5 min, followed by centrifugation at
12000 rpm for 10 min. After that, 800 mL of the supernatant was
added with 200 mL acetonitrile and vortexed for 5 min, followed
by centrifugation again at 12000 rpm for 10 min. Finally, 900 mL
of the supernatant was filtered through a 0.22 lm membrane,
and the drug concentration was analyzed via HPLC as described
above. The plasma drug concentrations obtained from each animal
were used to determine the pharmacokinetic parameters, accord-
ing to the methods reported elsewhere (Liu et al., 2019b).
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2.7. Studies on the plasma potassium (K+)

To study the changes in the plasma K+ level caused by Gos, the
male rabbits (2.1–2.3 kg) were randomly allocated into three
groups, six rabbits in each. The animals were treated with the opti-
mized Gos-GFTs, plain Gos tablets, or Gos drug powder via oral
administration, at the dose of 12.5 mg Gos/kg, once every two days.
The day of the first administration was marked as day 1. The last
administration was on day 39. On day 0 (i.e. the day before the first
administration), 10, 20, 30, and 40, the body weight and plasma K+

level of each animal were recorded. To determine the plasma K+

concentration, a blood sample (about 1.5 mL) of each rabbit was
collected via the cardiac apex, followed by centrifugation
(5000 rpm � 10 min) to obtain the plasma (Huang et al., 2016).
The concentration of plasma K+ was measured using an AU5800
automatic biochemistry analyzer (Beckman Coulter, Inc., USA) with
the matched reagent and calibration solution provided by the com-
pany (Albert et al., 2011; Woolford et al., 2020). The measurements
were done according to the standard protocol of the biochemistry
analyzer.
2.8. Statistical analysis

The pharmacokinetic parameters were determined using the
DAS 2.0 software (Chinese Pharmacological Society, China) based
on non-compartmental methods (Liu et al., 2015; Zhou et al.,
2018). The analysis of other data was carried out with the Prism
5 software (GraphPad, USA), using Student’s t-test for comparison
between two groups and one-way ANOVA for comparison among
multiple groups (Liu et al., 2019a; Liu et al., 2020). P < 0.05 was
considered statistically significant.
Fig. 2. (A) Floating lag time and (B) floating duration of Gos-GFTs with different
formulations (#1–9) in the acidic medium. Data were shown as mean ± SD (n = 5).
(C) The time that different Gos-GFTs (#1–9) needed to almost complete (over 95%)
the release of the drug. Data were shown as mean ± SD (n = 3).
3. Results and discussion

3.1. Preparation of Gos-GFTs

In this study, Gos-GFTs were prepared via direct powder com-
pression. For this purpose, excipients were carefully chosen to
obtain a suitable formulation and the wanted physicochemical
properties of the tablets. Lactose is a commonly used filler material
that helps the formation of pharmaceutical tablets (Paul et al.,
2019). EC is a hydrophobic polymer that can work as an adhesive
for the tablets and can also form an insoluble matrix that adds to
the resistance of tablets to shear forces (Tolia and Li, 2014). Mg
stearate was used as the lubricant that can facilitate the prepara-
tion and avoid powder sticking to the punch during tableting
(Dawes et al., 2012). NaHCO3 can generate carbon dioxide when
reacted with the gastric acid, which speeds up the rising of the
tablet to the liquid surface and thereby shortens the floating lag
time. From our previous studies, the input of NaHCO3 can also pro-
long the floating duration of tablets (Liu et al., 2019b). However,
the influence of NaHCO3 on the floating duration was much weaker
than on the floating lag time. PVP is a hydrophilic polymer that can
facilitate the hydration and erosion of the tablets, which acceler-
ates the drug release and shortens both the floating lag time and
the floating duration (Park et al., 2015). HPMC has multiple effects
on Gos-GFTs too. It can form gel after hydration in the gastric juice,
which makes the tablet swell and helps to keep its density lower
than the gastric contents, thus prolonging the floating duration.
Moreover, the HPMC gel formed in the tablet may also block up
the diffusion path for both the inside components and the outside
liquid, which can not only slow down the drug release but also hin-
der the reaction of NaHCO3 with the gastric acid and lead to pro-
longed floating lag time (Siepmann et al., 2017; Gong et al., 2018a).
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The floating ability and the drug release are two basic and
important properties for gastric floating dosage forms. In the pre-
vious studies on gastric floating tablets, the floating ability was
usually evaluated based on the floating lag time and the floating
duration (Kesarla et al., 2015; Gong et al., 2018b; Qin et al.,
2018). Generally, the floating lag time should be as short as possi-
ble to ensure that the tablets can rise to the surface of the solution
rapidly. Besides, for gastric floating tablets, a long floating duration
can be more favorable. Particularly, the floating duration of the
tablets should not be shorter than the time needed for the drug
to be completely (or almost completely, e.g. > 95%) released, so that
the release of the drug could be maximized in the upper gastroin-
testinal tract for better absorption of the drug (Singh and Kim,
2000). To determine the appropriate formulation, both the floating
ability and the drug release should be considered. In this study,
since PVP and HPMC have significant influences on the drug release
and the floating ability of Gos-GFTs, their input amounts have been
optimized. The investigated formulations for Gos-GFTs, with the
numbers #1 to #9, were as listed in Table 1.

As shown in Fig. 2A, with fixed input amounts of the other com-
ponents, increasing the amount of PVP or HPMC could prolong the
floating lag time of tablets. It should be noted that increasing the
amount of PVP should theoretically facilitate the reaction of
NaHCO3 with the gastric acid and consequently lead to shortened



Table 2
The characterization results of Gos-GFT. Data are exhibited as mean ± SD.

Evaluated items for
the tablet

Measured
valuesa

Theoretical values or
pharmacopoeial requirements

Weight (mg) 199.85 ± 1.13 200
Weight variation (%) < 1.5 < 7.5
Drug content

percentage (%)
13.66 ± 0.09 13.75

Drug content per
tablet (mg)

27.41 ± 0.31 27.5

Diameter (mm) 8.00 ± 0.03 8
Thickness (mm) 3.58 ± 0.03 Not specified
Hardness (N) 60.10 ± 3.41 Not specified
Friability (%) 0.69 ± 0.08 <1
Floating lag time (s) 38.60 ± 4.28 Not specified
Floating duration (h) 12.88 ± 1.20 Not specified
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floating lag time. However, changing the input amounts of PVP and
HPMC could also result in the total amount changes at the same
time. It is easy to see that, with fixed input amounts of NaHCO3

and the other components, increasing the amount of PVP alone
could lead to a reduced concentration of NaHCO3 in the tablet.
Therefore, prolonged floating lag time may be observed when the
amount of PVP was increased. For all formulations, the average
floating lag time was in the range of 21.8–41.6 s (Fig. 2A). Accord-
ing to some previous studies, a floating lag time of<1 min can be
acceptable for gastric floating tablets (Gong et al., 2018a; Gong
et al., 2018b). Since the floating lag time was adequately short
(i.e. within 1 min) for all formulations, this parameter was consid-
ered as a secondary factor for comparing the floating ability among
different formulations. In this study, the floating ability of different
formulations was compared mainly based on the floating
durations.

As shown in Fig. 2B, decreasing the amount of PVP or increasing
the amount of HPMC could prolong the floating duration. For all
formulations, the average floating durations were in the range of
6.06–13.86 h. Particularly, the average floating durations for for-
mulations #1, #2, #3, and #6 were over 12 h. These four formula-
tions were considered for further screening.

Fig. 2C shows the time that each formulation needed to have
over 95% drug release. Generally, decreasing the amount of PVP
or increasing the amount of HPMC could slow down the drug
release. For formulations #3 and #6, the time needed for over
95% drug release was near their average floating durations which
were about 13.9 h and 12.9 h, respectively (Fig. 2B and 2C). How-
ever, for formulations #1 and #2, the floating durations were obvi-
ously shorter than the time needed for over 95% drug release. For
example, the average floating duration of the formulations #1
was only about 6.6 h, while the time needed for over 95% drug
release was about 12.7 h, which may probably lead to incomplete
drug release in the upper gastrointestinal tract (Singh and Kim,
2000). Based on the above results, formulations #3 and #6 can
be used for further consideration. Particularly, the formulation
#6 had an average floating duration of about 12.9 h, and could
almost complete (>95%) the drug release after about 12.3 h. Since
both the floating duration and drug release of formulation #6 were
near half a day, this formulation may be more suitable for twice-a-
day dosing. Taken the floating ability and the drug release together,
the formulation #6 was determined as the optimal formulation for
Gos-GFT and was chosen for the consequent studies. Nevertheless,
since the formulation #3 may also be worthy of study, investiga-
tions on the properties of this formulation will be done in near
future.

It is also noteworthy that, since the total amount changed with
changing the input amounts of PVP and HPMC, the theoretical drug
content varied among different formulations; and determination of
the optimal formulation may need to consider the drug content.
The range of the theoretical drug contents was 13.38%-15.47% for
all investigated formulations of Gos-GFT. Generally, higher drug
content can be more favorable for the application of the tablets,
because with higher drug content smaller number of tablets may
be needed for drug administration. However, since the theoretical
drug content did not vary too much among different formulations,
in this study the formulation of Gos-GFT was not optimized in
terms of the drug content of the tablets.

3.2. Characterization of Gos-GFTs

In this part, the optimized Gos-GFTs were investigated in terms
of the weight, drug content, diameter, thickness, hardness, friabil-
ity, and floating ability of the tablets. The results of characteriza-
tion were exhibited in Table 2. The average weight of Gos-GFTs,
as determined based on twenty randomly selected tablets, was
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199.85 ± 1.13 mg. The weight variations of all measured tablets
were<1.5% and were far below the pharmacopoeial limit (Chinese
Pharmacopoeia Commission, 2020). The drug content of Gos-
GFTs was about 13.66% by weight and was about 27.41 mg per
tablet. These results were near the theoretical values (i.e. 13.75%
by weight and 27.5 mg per tablet) as calculated according to the
input amounts of the components (Table 1). In some other studies,
due to considerable excipients (e.g. HPMC) needed for the desired
floating ability of the tablets, the drug content of the tablets can be
lower (Acharya et al., 2014; Gong et al., 2018b). However, although
higher drug contents can be favorable for drug administration, the
determination of acceptable drug contents for the tablets should be
based on the dosage in practice. The average diameter and thick-
ness of Gos-GFTs were 8.00 ± 0.03 mm and 3.58 ± 0.03 mm, respec-
tively. The hardness of the tablet was about 60 N. The friability of
Gos-GFTs was about 0.69%, which was notably below the pharma-
copoeial limit of 1%. The floating ability of Gos-GFTs was studied in
terms of the floating lag time and floating duration. The floating lag
time and floating duration as determined based on five randomly
selected tablets was 38.60 ± 4.28 s and 12.88 ± 1.20 h, respectively.
The floating duration of about 12 h demonstrated the feasibility of
Gos-GFTs for twice-a-day dosing.
3.3. In vitro drug release and the mechanism

The reported solubility of Gos is<0.01 mg/mL in H2O at 37 ℃
(Tomoda et al., 2015). In this study, SDS has been added in the
release medium to promote the solubilization of Gos. SDS is a com-
monly used surfactant to provide sink conditions for the release
studies of hydrophobic drugs (Zeng et al., 2009; Zhang et al.,
2012; Knoos et al., 2014). The choice of SDS concentration was
based on whether the sink condition could be maintained. In this
study, 5% (w/v) was the minimum concentration needed for SDS
to maintain the sink condition for Gos during the experiment of
drug release. The drug release profile of the optimized Gos-GFTs
was shown in Fig. 3A. The drug release of Gos-GFTs was relatively
slow for the first 4 h and then became faster for the next 6 h. After
12 h, most of the drug (about 95.3%) was released from the tablets.
The plain Gos tablet, as a non-gastric floating preparation for com-
parison, was also investigated. For the preparation of plain Gos
tablets, HPMC and NaHCO3 in Gos-GFTs were replaced by starch
which is a commonly used disintegrant for tablets. As a result,
the plain Gos tablets almost completed the release of the drug
within 2 h (Fig. 3A). The fast drug release of the plain tablet was
mainly due to its rapid disintegration which was observed to hap-
pen within the first 1.5 h (data not shown). It is noteworthy that,
although sink condition was provided in the drug release study
and the results can help to compare the drug release profiles of dif-
ferent formulations, these results may not reflect the actual drug



Fig. 3. Profiles of the (A) cumulative drug release, (B) swelling, and (C) erosion of Gos-GFT. Data were exhibited as mean ± SD (n = 3).

H. Liu, S. Wang, H. Shi et al. Saudi Pharmaceutical Journal 29 (2021) 305–314
release in the stomach. That is because the internal environment of
the stomach can be more complex than the experimental condi-
tions and may not provide sink condition for the drug release.
Therefore, to clarify the actual drug release of the tablets in the
stomach, in vivo investigations are necessary.

To study the mechanism of in vitro drug release, the release
curve of Gos-GFT was fitted using Korsmeyer-Peppas and Kopcha
equations, and the swelling and erosion profiles of the tablets were
investigated. It was found that in the aqueous medium the tablets
had a rapid swelling in the first 4 h (Fig. 3B); meanwhile, the ero-
sion of tablets was relatively slow (Fig. 3C). Interestingly, during
this period the drug release of Gos-GFTs was also slow. The tablet
swelling alone seemed not to significantly promote the diffusion of
Gos which is hydrophobic with the Log P value of about 6.2 at 37℃.
However, after 4 h the growth of swelling degree slowed down due
to the increasing erosion degree, and the swelling degree started to
decline at 6 h. Meanwhile, the drug release of Gos-GFTs became
faster. At 12 h, the erosion degree was about 60%, and the drug
release of Gos-GFTs was almost complete (Fig. 3). It is worth men-
tioning that, the medium for drug release contained 5% (w/v) SDS,
while the medium used for swelling and erosion studies did not
contain SDS. The swelling and erosion profiles of Gos-GFTs did
not change significantly with or without the addition of SDS (data
not shown). For drug release, SDS was added to provide sink con-
dition. Without the addition of SDS, the released Gos from the
tablets could not well dissolve in the medium and may form small
drug particles suspended in the medium, which made it difficult to
determine the amount of released Gos at different time points. It is
noteworthy that, normally SDS is not added into real gastric juice
in the animals or human patients during drug administrations. In
order to make the conditions of in vitro experiments more consis-
tent with in vivo conditions, the swelling and erosion profiles of
Gos-GFTs in the medium without SDS were shown. However, since
no significant difference was observed in the swelling and erosion
profiles of Gos-GFTs with or without the addition of SDS, the anal-
ysis of the drug release results was not significantly affected.

The Korsmeyer-Peppas and Kopcha models are two commonly
used mathematical models to understand the mechanism of drug
release (Acharya et al., 2014; Kesarla et al., 2015; Asadian-
Ardakani et al., 2016; Liu et al., 2021). In the equation of the
Korsmeyer-Peppas model (i.e. Mt/M1 =ktn), ‘‘Mt” is the amount
of drug released at time point ‘‘t”, and ‘‘M1” is the total amount
of drug in the investigated preparation (i.e. Gos-GFTs for the pre-
sent study), thereby ‘‘Mt/M1” indicates the drug release fraction
at time point ‘‘t”. The parameter ‘‘k” is the release rate constant
which is related to the structural and geometric properties of the
tablets. The parameter ‘‘n” is the release exponent that indicates
the release mechanism (Narasimhan, 2001; Acharya et al., 2014).
The ‘‘n” value of<0.5 indicates the release mechanism of Fickian
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diffusion. The ‘‘n” value of over 0.5 and below 1.0 indicates the
release mechanism of anomalous (non-Fickian) diffusion. The ‘‘n”
value equal to 1.0 indicates the release mechanism of case-II trans-
port (zero-order drug release). The ‘‘n” value of > 1.0 indicates the
release mechanism of super case-II transport. In this study, the fit-
ted result using the Korsmeyer-Peppas model was Mt/M1 =
0.083 t0.958 (R2 = 0.988) for the drug release. Therefore, the n value
was 0.958, which indicates the mechanism of anomalous diffusion
and that the drug release of Gos-GFTs may have been regulated by
the joint action of erosion and diffusion (Acharya et al., 2014;
Mahdizadeh Barzoki et al., 2016).

The Kopcha model is commonly used to specify the relative
contributions of diffusion and erosion to drug release (Asadian-
Ardakani et al., 2016; Rezk et al., 2019). In the equation of the Kop-
cha model (i.e. Mt/t = a/t1/2 + b), ‘‘Mt” is also the amount of drug
released at time point ‘‘t”. The ‘‘a” value and the ‘‘b” value indicate
the relative contributions of diffusion and erosion, respectively. If a
is greater than b, the dominant drug release mechanism is diffu-
sion. If a is smaller than b, then the drug release mechanism is
dominantly matrix erosion. In this study, the fitted result using
the Kopcha model was Mt/t = 0.346/t1/2 + 1.982 (R2 = 0.928). There-
fore, the a value was much smaller than the b value, which demon-
strated that erosion had a stronger impact on the drug release of
Gos-GFTs than diffusion, even though both the mechanisms have
affected (Rezk et al., 2019).
3.4. Gos-GFTs modified the pharmacokinetics of Gos in vivo

In some previous studies, the pharmacokinetic behaviors of Gos
have been investigated on various species (Othman and Abou-
Donia, 1988; Jia et al., 2008; Wang et al., 2018). In these studies,
at the same dose levels the pharmacokinetic results varied notably
among different formulations for Gos and routes of drug adminis-
tration. For example, Gos-incorporated layer-by-layer (LBL) poly-
ethylene glycol films have been investigated for subcutaneous
implantation (Wen et al., 2018). The subcutaneously implanted
LBL films had a zero-order release of Gos, which led to significantly
reduced fluctuations in the plasma Gos concentration in rats as
compared with the same drug administrated orally or via intra-
venous injection. In the present study, the pharmacokinetic behav-
iors of Gos in different formulations were studied in rabbits. The
animals in each group were treated with Gos-GFTs, plain Gos
tablets, or Gos powder, at the oral dose of 12.5 mg Gos/kg. The
plasma concentration–time curves were shown in Fig. 4. The max-
imal drug concentration (Cmax) is an important parameter for the
determination of a safe dose range, because theoretically the Cmax

must be lower than the minimum toxic concentration of a drug, in
order to avoid toxic reactions. Therefore, controlling the maximal
drug concentration at a lower level can be favorable for avoiding



Fig. 4. The plasma drug concentration of Gos powder group, plain tablet group, and
Gos-GFT group at the same dose of Gos. Data were exhibited as mean ± SD (n = 6).
Compared to the other two groups, Gos-GFT could considerably prolong the
residence time of Gos in vivo.

H. Liu, S. Wang, H. Shi et al. Saudi Pharmaceutical Journal 29 (2021) 305–314
or reducing the adverse effects of the drug. That is why in some
previous studies, low doses of Gos have been investigated in order
to avoid the adverse effects (Gu et al., 2000; Yang et al., 2004;
Chang et al., 2011). However, although the Cmax may be lower at
reduced drug doses, the time when the drug concentration is
within the therapeutic window may also be shortened. Using
controlled-release dosage forms can help to reduce the extent of
fluctuation in plasma drug concentration and maintaining the
plasma drug level within the therapeutic window for a longer time,
thereby providing a potential way to reduce the adverse effects and
maintain the drug efficacy of Gos at the same time. As shown in
Fig. 4, the Cmax of Gos powder group was near 4 mg/L which
appeared about 5 h after administration. Compared with Gos pow-
der group, the Cmax of plain Gos tablet group appeared a little later,
which was probably caused by the disintegration of tablets that
took about 1.5 h on average. It is noteworthy that, since Gos is
hydrophobic with very low solubility in water, the released drug
may form a suspension in the gastric juice. However, there are var-
ious mechanisms that may promote the absorption of hydrophobic
drugs in the body such as the bile salts-related transport (Chow
and Nagwekar, 1993; Moghimipour et al., 2015). Therefore
although Gos is hydrophobic, it could be absorbed in the gastroin-
testinal tract. The Cmax of plain Gos tablet was slightly lower than
that of Gos powder group, but their difference was not statistically
significant (P > 0.05). By contrast, Gos-GFT group had a much lower
Cmax of about 2.31 mg/L appeared 10 h after administration. The
delayed and lower Cmax of Gos-GFTs was mainly due to the sus-
tained release of the drug. Compared with Gos powder and plain
Gos tablet at the same dose of Gos, Gos-GFT could also consider-
ably slow down the drop of plasma drug concentration after Cmax,
which suggested prolonged retention time of the drug in vivo.
Table 3
Pharmacokinetic parameters of Gos powder, plain Gos tablet, and Gos-GFT in rabbits.
Data are exhibited as mean ± SD.

Pharmacokinetic parameters
#

Gos powder Plain tablet Gos-GFT

tmax (h) 4.83 ± 0.41 5.67 ± 0.52 10.00 ± 0.00 ***

Cmax (mg/L) 3.85 ± 0.33 3.58 ± 0.23 2.31 ± 0.32
AUC0-T (mg∙h/L) 18.63 ± 1.19 20.18 ± 1.96 23.78 ± 4.18 *
AUC0-1 (mg∙h/L) 21.32 ± 1.79 23.59 ± 3.01 28.03 ± 4.35 **

MRT0-T (h) 5.31 ± 0.17 6.74 ± 0.22 10.93 ± 0.11 ***

MRT0-1 (h) 6.89 ± 0.62 9.06 ± 0.76 14.04 ± 0.99 ***

t1/2(T-1) (h) 3.97 ± 0.94 5.53 ± 0.83 6.81 ± 1.63 **

FR (%) 110.64 131.45

* P < 0.05, ** P < 0.01, *** P < 0.001 as compared with Gos powder group.
# AUC0-T: AUC for 0 h to the last time point of measurement. AUC0-1: the area

under the whole curve. MRT0-T: MRT for 0 h to the last time point of measurement.
MRT0-1: MRT for the whole curve.
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More detailed pharmacokinetic parameters of each group were
listed in Table 3. The time needed to reach Cmax (i.e. tmax) was 10 h
for Gos-GFT group, which was significantly longer than that of Gos
powder group (P < 0.001). The mean retention time (MRT) and the
terminal elimination half-life (t1/2(T-1)) that reflect the in vivo
action time of the drug were also calculated for comparison. The
MRT0-T and MRT0-1 of Gos-GFT were 10.93 ± 0.11 h and 14.04 ± 0.
99 h respectively and were significantly longer as compared with
Gos powder (P < 0.001). The t1/2(T-1) of Gos-GFT was 6.81 ± 1.63 h
, also significantly longer than that of Gos powder (P < 0.01). These
results demonstrated slower elimination and prolonged action
time of Gos brought about by the sustained-release tablets. The
area under the plasma concentration–time curve (AUC) reflects
the bioavailability of the drug. In this study, the AUC0-T and AUC0-1
of Gos-GFT were 23.78 ± 4.18 mg∙h/L and 28.03 ± 4.35 mg∙h/L
respectively, and were significantly larger than those of Gos pow-
der (P < 0.05 for AUC0-T, and P < 0.01 for AUC0-1). For plain Gos
tablet, the pharmacokinetic parameters were generally near those
of Gos powder (Table 3), indicating that the plain tablet was not
able to notably modify the pharmacokinetics of Gos in vivo. The rel-
ative bioavailability (FR) of Gos-GFT, as determined based on the
average AUC0-1 of Gos-GFT and Gos powder, was 131.45%, which
was also larger than that of plain Gos tablet (only 110.64%). These
results demonstrated that Gos-GFT as a novel sustained-release
preparation for Gos could significantly enhance the drug bioavail-
ability and prolong the in vivo action time of Gos. Besides, based on
the pharmacokinetic parameters, lower fluctuation of plasma drug
concentration may be obtained using Gos-GFT as compared with
Gos powder and plain Gos tablet at the same dose of Gos, which
needs further investigation to verify. Therefore, Gos-GFT was
favorable for controlling the drug concentration within the thera-
peutic window for a longer period of time.

3.5. Gos-GFTs reduced the hypokalemia effect of Gos in vivo

The reported adverse effects of Gos include hypokalemia, hemo-
lytic anemia, dysgeusia, and diarrhea, etc (Van Poznak et al., 2001;
Zbidah et al., 2012). Although hypokalemia is not a unique adverse
effect, it has been a major adverse effect of this drug. In previous
studies, significantly reduced potassium levels in the blood have
been observed in animals and human patients after repeated treat-
ment using Gos (Liu and Lyle, 1987; Kumar et al., 1997; Van
Poznak et al., 2001). In one of these studies, daily oral administra-
tion of Gos at about 0.6 mg/kg for 60 days has led to the decrease of
plasma potassium by about 10% in langur monkeys (Kumar et al.,
1997). Obvious reductions in plasma potassium may occur even
at reduced Gos doses, probably because the traditional dosage
forms that have been adopted in the previous studies could hardly
avoid large fluctuation of plasma drug concentration that led to
toxic concentrations (i.e. the concentrations higher than the mini-
mum toxic concentration of the drug) from time to time. Therefore,
maintaining the plasma drug level within the therapeutic window
for a longer period using sustained-release dosage forms provides a
promising way to reduce the side effects of Gos. In the present
study, animals in each group were treated with Gos-GFTs, plain
Gos tablets, or Gos powder, at the oral dose of 12.5 mg Gos/kg, once
every two days. The treatment lasted 39 days. The changes in the
plasma potassium concentration of each group were displayed in
Fig. 5. The normal range of plasma potassium level may vary
among different species. In this study, the initial concentration of
plasma potassium was around 4 mmol/L for all groups, which
was consistent with the results of a previous study using rabbits
(Du et al., 2019). For the first 10 days, none of the three groups
showed obvious changes in the plasma potassium concentration.
After 10 days, however, the plasma potassium level started to drop
in varying degrees. On day 40, the average plasma potassium of



Fig. 5. Changes in the plasma potassium concentration of each group. The rabbits
(with similar initial body weights of around 2.2 kg) were treated with 27.5 mg Gos
powder, one plain Gos tablet (containing about 27.5 mg Gos), or one Gos-GFT
(containing about 27.5 mg Gos), once every two days. Data were exhibited as
mean ± SD (n = 6). **P < 0.01, as compared with Gos powder group.
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Gos powder group decreased to about 3.6 mmol/L (decreased by
10%). Compared with Gos powder, the plain Gos tablet group
showed a little smaller change in the plasma potassium level;
but the difference between the two groups was not statistically
significant (P > 0.05). By contrast, Gos-GFT group showed a notably
slower drop in the plasma potassium level. The average plasma
potassium of Gos-GFT group was 3.84 ± 0.13 mmol/L on day 40,
significantly higher than that of Gos powder group (P < 0.01). This
result indicated the potential of Gos-GFT to relieve the hypokale-
mia caused by the drug.

The body weight changes that can reflect the systemic toxicity
were also recorded, in order to better know the effects of Gos-
GFT on reducing the adverse effects of Gos. As presented in
Fig. 6, the average body weight of each group increased in varying
degrees during the experiment. After 40 days, the body weight
increment of Gos-GFT group was significantly larger as compared
with Gos powder group (P < 0.01) and plain Gos tablet group
Fig. 6. Changes in the body weight of different groups. The larger body weight
increment of Gos-GFT group may reflect fewer adverse effects of Gos-GFT in vivo.
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(P < 0.05). The smaller body weight increment in Gos powder
group and plain Gos tablet group may have been caused by Gos-
related dysgeusia which is one of the reported adverse effects of
this drug (Van Poznak et al., 2001). Indeed, during the experiment,
less food intake has been observed in the two groups as compared
with Gos-GFT group (data not shown). However, further investiga-
tion is needed to clarify the reasons for the different increments in
body weight.

The results above demonstrated that Gos-GFT was able to
relieve the hypokalemia caused by Gos, and may also relieve the
drug-related dysgeusia, which was probably realized via relatively
steady and lower plasma drug concentration brought about by sus-
tained drug release. However, to further understand the influences
of this dosage form on the side effects of Gos, including hypokale-
mia and the other reported side effects, a more systematic study is
needed (Van Poznak et al., 2001; Zbidah et al., 2012). Moreover, it
should be noted that the dosing regimen adopted in this study was
simply utilized to compare the side effects among different groups.
It may not be a suitable or even an effective dosing regimen for a
certain purpose, because the therapeutic window varies for differ-
ent biological properties of the drug and different species of exper-
imental animals.
4. Conclusions

Gastric floating tablet as a novel sustained-release preparation
for Gos (Gos-GFT) was prepared via direct powder compression.
The physicochemical properties of Gos-GFT satisfied the pharma-
copoeial requirements for tablets. Gos-GFT showed an average
floating duration of about 12.9 h and had a sustained drug release
for over 12 h in an acidic medium, suggesting that this Gos prepa-
ration is potential for twice-a-day dosing. The drug release of Gos-
GFT was regulated by both the mechanisms of diffusion and ero-
sion, but erosion had a stronger impact than diffusion. The phar-
macokinetic studies demonstrated that Gos-GFT could
significantly enhance the drug bioavailability and prolong the
in vivo action time of the drug. Besides, based on the pharmacoki-
netic parameters, lower fluctuation of plasma drug concentration
may be obtained using Gos-GFT as compared with Gos powder
and plain Gos tablet at the same dose of Gos, which needs further
investigation to verify. In addition, Gos-GFT was able to signifi-
cantly reduce the hypokalemia effect of the drug as compared with
the Gos powder and the plain Gos tablet, which was probably real-
ized via relatively steady and lower plasma drug concentration
brought about by sustained drug release. Taken together, Gos-
GFT with the optimized formulation is a promising preparation
for sustained release of Gos and warrants further investigation
for more extensive clinical applications of this natural compound.
Nevertheless, it should be noted that the formulation of Gos-GFT
may be further optimized using some other possible polymers
for even better results. Therefore, other commonly used polymers
will also be investigated for the preparation of gastric floating
sustained-release tablets for Gos in near future, in order for poten-
tially greater ability to improve the bioavailability and reduce the
side effects of the drug. Moreover, to further understand the influ-
ences of the dosage form on the side effects of Gos, including hypo-
kalemia and the other reported side effects, a more systematic
study is needed.
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